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ABSTRACT 
Bubbling behavior and particle elutriation processes 
were studied at the free surface of a large three-dimen- 
sional fluidized bed using 26^ i/m. glass and 4304/jm, 
puffed millet" particles. The bubble eruption frequency, 
area fraction occupied by the erupting bubbles and the 
bubble eruption size were;-measured as a function of bed. 
height and excess air velocity. Calculations were then • 
carried out to predict the frequency and bubble fraction 
on a theoretical basis. Among various bubble growth corre- 
lations, the model due to Kato &  Wen gave the best agrement, 
A modified two-phase theory of fluidization was used with 
the experimental data to compute the through-flow coeffi- 
cient , m , and the flow area shape factor, jZL. The results 
show that the through-flow coefficient is in the range of 
2 to 8 for glass and 1^ to 19 for puffed millet. The effec- 
tive flow area of the bubble, through which gas flov/s into 
the freeboard region was different than the observed bubble 
area. The flow area shape factor which correlates the ef- 
fective flow diameter to the equivalent spherical bubble 
diameter, v/as found to be 0.6 for millet and 0.85 to 1.0 
for glass. 
Experiments v/ere also carried out on the proportion 
of the bubbles erupting at the free surface which were indi- 
vidual isolated, bubbles and the fraction which were bubbles 
-1- 
in the process of undergoing vertical coalescence. The 
percentage of double bubbles increases with excess air 
velocity up to 25 percent and decreases with bed depth;. 
The data on the bubbles undergoing horizontal coalescence 
showed that this had negligible effect on the height to 
which the bulge and wake materials are ejected during an . 
eruption process. 
-2- 
I. INTRODUCTION \ 
In the design of full scale commercial fluidized bed 
reactors,-it is essential to know the behavior of the 
bubbles at the free surface. Bubble eruption and partjiale 
elutriation mechanisms, therefore, have to be predicted in 
the operation of gas fluidized beds. Most fundamental! re- 
search is carried out both theoretically and experimentally 
in two-dimensional and small three-dimensional beds-.- How- 
ever the bubbling behavior remarkably changes due to a 
change in bed area [13, 16, 30, 393. Therefore, it is ne- 
cessary' to carry out some experiments in large three-dimen- 
sional beds, especially with large particles. There are 
also some obvious differences between the characteristics 
of small and large particle systems no matter what the bed 
dimension is, as-pointed out by Glicksman^Cl^D. This occurs 
because the bubbles in beds with large particles tend to 
be more spherical and they have slow rise velocities, which 
are almost equal to the emulsion phase velocity. 
For a given bed geometry, in order to predict the be- 
havior of rising bubbles at the free surface, it is necess- 
ary to estimate the bubble size, shape and rise velocity. 
Host of the bubble growth correlations given in the litera- 
ture .are'semi-empirical and represent the nature of the 
bubbles, particularly for small particle beds and for very 
narrow ranges of operational conditions. However, models 
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developed for small particle systems do not fit the large 
particle data at high velocities [15] • The only theoretical 
model which can predict bubble size from' the analysis of 
single, isolated bubbles in an infinite medium of particles, 
is that of Dart on, et. al. [8], even thenfj Darton's model 
contains an empirical constant.Other models are simply em- 
pirical correlation's of experimental data [21, 29, 35] • Ex- 
perimental bubble height, bubble volume [4]~rtmd -*h.«:-experi—>■■:■<*■ '- 
mental frequencies ..[.7»-13.».._.2.2.,.. 39] v/ere. used to develop such 
models. A summary of all available correlations is given in 
Table 40. ... 
The predicted and the measured bubble eruption diame- 
ters [12], however, are not the same. The predicted equi- 
valent bubble diameter is the diameter of a sphere having 
a,.volume equal to the volume of the observed bubble. The 
ratio of the latter to the former is called the shape "fac- 
tor, 0. , which is a function of bed height and bubble size 
[36] as well as the particle size and other experimental 
conditions. This quantity has been investigated by many 
authors [2, 8, 11, 37. 4-2]. Shape factors may be less than 
1.0 for vertically elongated bubbles and as large as 1.5 
for flat, big bubbles in small, especially spherical, par- 
ticle beds [2, 14, 37]. 
Besides the bubble size and shape, bubble rise veloc- 
ity is also an important parameter. The absolute bubble 
-4- 
rise velocity is given by the-equation: . 
b  '° e   o mi 
'where D is the equivalent bubble diameter, U is the su- 
e o 
perficial gas velocity, U - is the minimum fluidization ve- 
locity, and K is a function of particle size; it is bigger 
for more spherical and Joiner.jpjirtic^es...,.011«...'.?$. A®Pen4§.. P.51 . 
bed geometry [7, 14].'It depends on whether the bubbles are 
single and isolated [9, 10, 18], and it is a very strong 
function of bed height [39]• Table39] gives a summary of K, 
from the experimental observations. 
In order to complete the analysis, two more parameters, 
n/ARFB, the bubble frequency, and $, the bubble fraction at 
the free surface have to be determined. Bubble frequency 
can be measured experimentally in three ways: by cine photo- 
graphy [15, 16, 30]; by means of point probes inside the 
bed [7, 13, 16, 22, 39, 41], or by using X-y ray techniques 
[16, 34, 35, 37, 40]. Bubble frequency, is very often theo- 
retically estimated by the two-phase theory. Bubble frac- 
tion is also measured by the same techniques [14, 16, 18, 
28, 39,' 41]. Another way of determining the bubble fraction 
is through the measured bubble count, N , at the free sur- 
face at ^Aplfen instant of time [12, 28,- 30],and sometimes 
through the bubble count in the observed volume [35]• 
The variables introduced so far, the bubble frequency, 
• -5- 
rise velocity is given by'the'equation:, 
U, r K^gD" ♦ U -U - b  '° e   o mr 
where D is the equivalent bubble, diameter, U is the su- 
perficial gas velocity, U ~  is the minimum fluidization ve- 
locity, and K is a function of particle size; it is bigger 
....for more spherical and finer particles £6]. It depends on 
bed geometry [7t 1*0 • It depends on whether the bubbles are 
single and isolated [9, 10, 18], and it is a very strong 
function of bed height C39H • Table39L gives a summary of K, 
.from the experimental observations. 
In order to complete the analysis, two more parameters, 
n/ABED, the bubble frequency, and 5» the bubble fraction at 
the free surface have to be determined. Bubble frequency 
can be measured experimentally in three ways: by cine photo- 
graphy Cl5i 16, 303; "by means of point probes inside the 
bed [7, 13, 16, 22, 39, 4l], or by using X-y ray.techniques 
[16, 3^-, 35, 37. ^0], Bubble frequency, is very often theo- 
retically estimated by the two-phase theory. Bubble frac- 
. tion is also measured by the same techniques [IV, 16, .18, ... . 
28, 39» ^1]. Another way of determining the"bubble" fraction 
is through the measured bubble count, N , at the free sur- 
face at a given instant of time Q12, 28, 30],and sometimes 
through the bubble count in the observed volume [35]- 
The variables introduced so far, the bubble frequency, 
-5- 
J 
the bubble fraction, the minimum fluidization velocity, the 
superficial gas velocity and the bubble through-flow, can 
all be related by means of a mass conservation principle.. 
There were various attempts in the literature to model the 
bubble behavior in a fluidized bed. Among" these, the two- 
phase theory, which is originally'introduced by Davidson 
and Harrison [9] is a very wel^^jro.Kn-.pne. The two-phase 
theory states that the excess gas above that required to 
fluidize the particles goes through the bed in the form of 
bubbles. Most of the authors do not agree with this state- 
ment and try to make some modifications in it [19, 31f 35, 
h\~\.  Modified and m-type two-phase' theories give good re- 
sults both for small' [28, 313 a^d large particles. Two-phase 
theory deviates from the observations because of the under- 
estimation of the velocity* of gas through the bubble rela- 
tive to the bubble, and the velocity of gas in the emulsion 
phase [12, 18-, 26, 32, 35, 37, 38, ^1]. Grace and Clift 
[19] give a good summary of available theories and observ- 
ations for the estimation of the through-flow coefficient. 
A reproduction of their summary is given in Table 41. The 
through -flow coefficient, m , is defined by the equation: 
U-o-5*1-') Umf*'Ub*m*Umf 
^ 
-6- 
^ 
where mr2 for two-dimensional bubbles and m=3 for three- 
dimensional' bubbles. According fto the so-called strict two- 
phase theory, m=l and the above equation takes the fqrm» • - 
VUmfs«V. . " '   , 
which states that all excess air flow goes into the bubble 
phase. There is an increasing tendency in the literature to 
reject or modify this theory. Most of the researchers claim 
that m is greater than 1 P-93* The uncertainty in m is usu-. 
ally very high and values as high as 11.7 have been reports 
ed [16]. One reason for this is that, the bubble rise ve- 
locities are estimated from the analysis of single isolated 
bubbles which may give erroneous results. Grace and Harrison 
[18], and Valenzuela and Glicksman C^lJ tried to modify & 
for a wide range of conditions to minimize the error in m. 
The quantity , m , is*a very strong function of ■bubble in- 
teractions C^l3» gas velocity, bubble shape, bed height and 
particle size [193• The error in the two-phase theory is 
likely to be' largest when U is not much greater than U f, 
and particularly just above the distributor of a fluidized 
bed.because of shortcircuiting between the bubbles [26]. The 
quantity,  4U-u» in "the above equation for the strict two- 
phase theory, is also called the visible bubble flow veloc- 
ity, represented by QBABED, and the ratio [(QB/AB£D)/ . 
(U0-Um:jr.)3 is a good check of• how well the two-phase theory' 
works [7 »19]« Bed expansion data can also be used to pre- 
-7- 
diet the percentage of the excess'flow rate that goes into 
the visible bubble flow [28]. Xavier, et.al. [k$]  reports 
this value to be between 80 and $0,  which is substantially 
higher ^han the values predicted by Cranfield and Geldart 
[7], and up to 8 times higher than the predictions of 
Glicksman and McAndrews [163 for large particles. Appar- 
ently bed expansion data is good only for small particle 
systems. Because of the high uncertainty in the experi- 
mental observations, it is very difficult to validate the 
two-phase theory with large particles [*H].      ^ 
Finally it remains to develope a phenomenalogical 
model of the particle elutriation processes at the free 
surface. Recent studies "show that 1/3 of'the total bubble 
volume is occupied by the wake material [3*0• Levy, et.al. 
[2*0 supports this observations by reporting that the wake 
rises almost to a height of 1/3 of the bubble diameter, 
and the bulge rises to a height of 2/3 of the bubble dia- 
meter; no matter what the operational conditions are. It 
is also necessary to predict what fractions of the total 
are individual bubbles and vertically coalescing bubbles 
[2*+, 25]. 
Horizontal coalescence of the bubble at the free sur- 
face is also studied [?]. The through-flow coefficient, 
m , decreases in case of horizontal coalescence as pointed 
out by Valenzuela and Glicksman [*H]. 
.-8- 
However there has been no attempt to investigate the ef- 
fect of  horizontal bubble coalescence or\ the nature" of 
the "bulge and wake mechanisms. '" 
The object of this work is to predict the bubble 
'eruption and particle elutriation processes both analyti- 
cally and experimentally. Most of the work done so far for 
the purposes of modeling the chemical reactions were in- 
side the bed. It is by no means certain that these models 
are^ applicable at the free surface. Experiments are per- 
formed on the characteristics of erupting bubbles and ex- 
isting correlations are compared with the experimental 
findings. Observations are made to prove the validity of 
the two-phase theory for large and small particle systems. 
_o. 
II. THEORETICAL ANALYSIS 
a) Bubble Fraction at the Free Surface.6 
BED 
N BUBBLES 
t t t t t t t t t 
Consider a control volume analysis of a portion of the 
gas-fluidized bed for mass conservation. 
The mass flow rate through the bottom of this control 
volume, where practically no bubbles are observed, is equal 
to the mass flow rate through the cross-sectional area A-A, 
where a bubble j)hase as well as the dense phase is observed, 
Assuming incompressible, steady flow: 
*A-A = VTOTAL W 
Let the superficial gas velocity be U and the bed 
cross-sectional area be ABED»lf there are N bubbles that 
-10- 
are* observed at the surface for a given instant of time, 
each with an eruption diameter of Df, and assuming that the 
dense phase is at the minimum-fluidization condition, then 
the flow rate through section A-A is; 
• D D 
.  : X-A = N * -ZT VGI * (ABED"N * VXf      <2) 
Therefore, conservation of mass requires: 
2 2 
••   ;N ^-TT VGI * (ABED"N ^V)Umf = UoABED     (3) 
D~ is the diameter of the flow area through which gas 
flows into the freeboard region, and it is related to the 
equivalent "bubble diameter , D  ,' through the relation: 
Df=0fDe (4) 
where 0~  is the flow area shape factor. * 
Following the derivations and formulations in the litera- 
ture [13,19,22,26 ],the velocity of gas in the bubble 
phase, VQJ  , is equal to the absolute bubble rise velocity- 
plus the cocurrent-fiow through the bubble, mU- r where m 
is- called the through-flow coefficient. 
.■ ■ 4 
The velocity of gas in the "bubble phase, VrT , is: 
VGI = Ub-mUmf .  ' (5) 
where U, is the absolute bubble rise .velocity defined as: 
-11- 
Ub = Ubr * V Umf ^ 
which is the same equation used "by many authors [16,  2^,433• 
For a bubble rising through an incipiently fluidized bed 
( UQ -Um;f ), the velocity of the bubble relative to the bed, 
Ubr ' ^s defined *>y: 
U^rK^D"  ' (7) • br " »& e 
where K,  generally,is equal to 0.711. It, indeed is ob- 
tained from the experimental.observations. The summary of' 
the values of K in the literature is given in Table 39• 
Thus; 
.     VGI=0.71lViV*Uo-Uraf *mUmf ■•     (8) 
If we divide Equation 3 "by ABED ' we ge^! 
N DJ N D^ 
I ^H*    VGI *(1~ A ^"i-^mf = Uo ABED *       tjl BED ^       mi       ° (9) 
Now,  letj 
N DJ " •   ' 
A *-f- = * BED * (10) 
Substitute Equations 8 and 10 into Equation,.9 to obtain: 
-12- 
*(0.71lVgrT ♦ VumfVnUmf >'* ^~6)\f = Uo 
Rearranging: 
6 tO.?llVgDa ♦ U   ♦ mU   --2U.J ♦ U   - = U e      o        mf      mf'      mf ~   o 
And solving for di 
6 = 
VUmf (11) 
0.71iygD;*Uo-2Umf + mUraf 
If • we substitute Equation 9 into Equation 10 and solve 
for N: 
'^
ABED <VUmf> 
N =  =   , , :       (12) 
ffDfz(0.7in^^Uo-2Umftm.Umf) 
Also, substitute Equation h  into Equation 12 t 
k
  
ABED <VUmf> 
N = 
"0/  De2 (0.7111^; ♦U0-2Unf -m Umf) 
(13) 
The bubbles grow by coalescence as they rise upward through 
the bed and numerous correlations between bubble diameter 
-13- 
D and distance above the grid , L , are available in the 
e \ 
literature. Most of these correlations are summarized in 
Table 4o. One of these by Kato & Wen [21] is shovel to agree 
well with the data of this study. 
This correlation has the "following form: 
/ U / 
Da sl.4 d p^ —°-L *D (14) e      p ^p       eo .    v 
u
mf 
where D ^ is the initial bubble diameter formed at the sur- 
eo 
face of the distributor plate, d is the particle diameter, 
p is the particle density, and L is the height or elevation 
above the distributor plate. 
It is possible to correlate the initial bubble diameter, 
D Q , to .the excess flow velocity,- U.-U - [_  5 »29l« Follow- 
ing the derivation of Chiba, et.al. C 5 3» for perforated 
plate distributors, D  is-predicted by the equation: 
Deo s 0.3^7 [ ABED (U0-Umf )/NQ]2/5 . (15). 
where ABED is the area of the distributor plate, and N is 
the total number of orifices on it. 
The measured bubble eruption diameter, D.,can be cor- 
•  x ■ 
related to the equivalent bubble diameter, D  , through the 
relation: 
1 ^1 e 
where 0.   is the bubble shape factor, and is defined in an 
interval: 
„liL_ 
si •   < si- < si max 
and also where GL- and 0 , are some limiting values observ- 
'min    "max ^ 
ed during the experiments. Note that 0^  is different than 
0~. 0.   is used to' find a relation for D that fits best to 
the experimental data and does not necessarily represent the 
flow area, 0~  is used in the equations involving a bubble 
flow area throughout the analysis. 
The actual Ded height above the distributor, L , can 
also be analytically derived using the same conservation of 
masc principle that •we used before. Recall and rearrange 
Equation 11; substitute Equation 7 into it: 
5(Ubr*U0-2Umf + mUmf) = Uo-Umf (17) 
or rearranging again: 
6L\r ♦(m-l)Umf: = (VUmf)(1-3) (18) 
Again, assuming that all gas flow in excess of U~, goes 
into the bubble phase, and only the bubbles are responsible 
for the bed expansion; we can write: 
4ABED L=ABED ^"W <X9) 
Note that instead of the void fraction, the bubble surface 
fraction, 6 ,  is used in Equation 19 , sinoe the former is 
simply a time average of the latter. This is especially 
-15- 
true for the regions inside the bed that are very close to 
the free surface*,solving for^ 6 from Equation 19:  < 
L
~
L
mf 
6 - (20) 
and substituting into Equation 18s 
J2JDV .On-l)  Umf] = (U0-Umf)j-i5f j (2f j 
And finally, solving for  
haf 
= 1+    ° mf- 
L
mf    Ubr+(m-1)Umf <22) 
where U,  is given by Equation 7 • 
According to the analysis of Kunii & Levenspiel C22], 
in a bed of slow bubbles, (U,/U„)<1, and there is a through- 
flow inside the bubble given by m = 3» Here U~ is defined as: 
U \ J!£_ (23) 
€
mf 
However, in a bed of fast bubbles with negligible clouds, or 
for*(U-/u\p) >-5» each rising bubble carries it own gas up the 
bed, so the net upward velocity of bubble gas is simply that 
t 
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of the bubble itself, therefore m = 0. In the intermediate 
region where bubbles have appreciable clouds, or for 1<(IL/ 
U~)<5» an interpolation is necessary to find the correct 
value of m ( Figure 56  ). 
For small particles, the bubbles fall into the "fast" 
bubble range. Therefore for small particles, substitute m=0 
into Equations 11, 13 and 22: 
VUmf 
6- 
0.71iygDe*U -2U, 
(2*0 
e  o  mf 
N 
and 
h
  WVumf >" 
rrff  D2(.0.7llvgD; + Uo-2Umf) 
(25) 
L
    zl ,
Uo~Umf (26) 
*kf..    o.7iivgFe-umf 
* .     - 
For large particles, the bubbles are "slow". Substitut- 
ing m = 3 into Equations 11, 13-, and 22, and exchanging U~ 
with U , , and L ~ with L . for large particles: 
<$ = 
0
 
mb (27) 
o.7iiv^ + uo.umb 
-17- 
K   _ "WVW .-  .     .     (28) 
2 
n0f D5co.7iiVg5" ♦ u ♦ u. ) 
e      ° e  o  mp |» 
and 
L
 _-,,   . VUmb  "  ,- (29) ' 
Lm/  0.7llViD;*2Umb 
For large particles and/Ws light particles, the minimum 
fluidization and the minimum "bubbling velocities do not co-. 
incide. According to the analysis of Geldart & Granfield Cl^D 
minimum "bubbling velocity is a better variable than the 
minimum fluidization velocity to use in the equations deriv- 
ed from the two-phase theory, since the assumptions for this 
theory all start with the statement that all the gas flow in 
excess of minimum fluidization (which is presumably the state 
where first bubbling starts) goes into the bubble phase. . 
This is correct only when bubbling starts at minimum fluidi- 
zation. Therefore, for large particles, since first bubbling 
is observed at gas velocities higher than the minimum fluidi- 
zation velocity, the minimum bubbling velocity, U , , is 
used instead of tfm:p» throughout this study. This is actually 
the same procedure that various researchers follow in the 
literature for large-particle fluidization C lb   ,373 • Thus, 
• the velocity in the emulsion phase is•assumed to be U , , 
and the bubble through-flow becomes mU ,. Also L„ was 
^L8- 
changed with Lmt)» although these two quantities are very 
close to each other for shallow beds. 
b) Bubble Frequency Analysis at the Fr^e Surface 
(i) Derivation for small particles j(Fast Bubbles): 
Consider n bubbles per second passing a horizontal 
surface of area ABED in a three-dimensional bed. Each bubble 
has a volume "^ww^ie ( ^ "FDe^ and a velocity UT-,( - 0.711 * 
VfeD " *U -Uj-f-). The total bubble volume cutting the surface 
per second is n ^'UKbie • Tne average velocity of this volume 
is U, so that at any time a part' of the surface equal to 
P ^bubble/Ub( w^-"- ^e occupied by bubbles. The fraction of 
the surface so occupied (6)  is (n ^v,u>,v,ie/ABED Ub^' "^us: 
-        -_A^ bubble    , . . . 
6
 "     
Ub 
h TV     3 ■ 
. « ■  ABED ~Z~    e (3D 
a = o.7iivgrr, uo-Dmf 
(An alternative approach- to derive Equation 31 is given.in 
Appendix B) 
The volume flow rate of the gas in the bubble phase is 
.-gas bubble = n Rubble = n ~5~De (32) 
However by conservation of mass principle, this■quantity is 
-19-. 
also equal to: 
' D2 
Va bubble s Uo '^ED^nif (ABED"N7r4- }      • (33) 
A . ■    N 7TD2 
"^as bubble = Uo ABED"Umf ^ED^1" 7 7* 
BED ^ 
Recalling-from Equation .10 that (N/ABEDM7r D?/4)= d , and 
substituting: 
^gas bubble ^ABED^-Wl-f)] W 
Again, since Equations 32 and 3^ are equal:. 
n/A   = -*^     * (?o) f
  
BED
     JLD3 
6 e 
(ii) Derivation for large particles (slow bubbles): 
Recall Equation 11.for slow bubbles in. large particle 
systems. Keeping the through-flow term and exchanging U f 
With Umb: 
o mb 
<$=-  (37) 
0.711 V£D~" ♦ U-2U . *mU v e  o  mb   mb 
Also recall Equation 31 with U f exchanged with U v for 
large particle systems: 
■ 20- 
BED        ,5      e {dQ) 
o.7iiv^:*u -u„ e      o    mb 
Eliminating the  (0.71iyglT ♦D-U.)  term from both equations, 
v/e obtain: 
_'   ..'_ ^W^fr^-fW*    mUmb*VUmb 
and solving for  (n/ABED): .    > 
h/A, BED 7TD3 
6   e 
(39) 
The term ni&U ^ was missing for small particles since m was 
equal to zero. 
In general, the bubble frequency can be obtained from' 
Equation 39 with U , exchanged with uV„, and with m arbi- 
trary: 
"
/aBED JT D-3 
6 e 
v/here D is predicted from the Kato and Wen [21] correlation  v 
and # is given by: '"-.■' 
-?1- 
c) Visible Bubble Flow Velocity, QB/ABED 
Ignoring flow of gas relative to the bubbles, the flow 
rate of gas associated with the rising bubbles is Qg.This 
.graantity can be related to the bubble fraction & bubble rise 
velocity through:" 
VABED = *Ub {kZ) 
According to the two-phase theory: 
-      QB/ABED=(Vumf)l     • 
However,in reality, QB/ABED is always less than (U -U.~); 
and by the same theory it can be calculated from the equa- 
tion: 
V^ED^o^1-*) Umf-<SmUmf  .   "    (^3) 
or experimentally from the equation: 
• <VWexp=<VABED>exp-f'De,.   .     <W> 
where D is approximated by the Kato and Wen correlation, 
d) Calculations for the Speed gf Bubbles-the Fast and 
Slow Bubble Regimes 
"  The gas flow patterns for the bubbles depend on the- 
ratio U-j/U-., . wher'e, U,  is the relative velocity of bubble 
at incipient fluidization and.U- is the interstitial velo- 
city of the gas in the emulsion phase (IL. s U f./€af). Using 
this ratio as a criteria for -fche bubble speed and following 
Kunii and' Levenspiel's p2 J theory, from Chen, ei^.al.[ 3 ], 
we can- say: 
(U, /U-) <1        Slow bubbles (m = 3) "" 
(Ubr/Uf> > 1        Past bubbles (m= 0)  — --------- 
Kunii'and Levenspiel C 223 also base their criteria on 
the ratio U^/U^. They first analyze the-cloud formation : 
around the fast bubbles and derive an equation to correlate 
the cloud thickness to the bubble diameter, U,  and U^.. Then 
they say that the cloud is thin when its thickness is less 
than 10 %  the bubble diameter. Prom'the formulation they 
developed, this roughly corresponds to (U^/Uf>5)as a crite- 
ria for fast bubbles. This way they define an additional . 
intermediate region in which the bubbles are neither slow 
nor fast; so that: 
(U-fc/Uf) < 1 . Slow bubbles (m r 3)    (2+6) 
l<(Ub/Uf) < 5        Intermediate region (0<m<3) 
(U-k/Uf) >-5        Fast bubbles  (m=0) 
In the present study, the calculations from %  differ- 
ent sets.of experiments with small particles indicate that 
almost all of the bubbles were fast. Therefore m is practi- 
cally equal to zero even for the worst case. However data 
with large particles show that bubbles are rather slow 
although being large, so that they all remain in the inter- 
■f 
mediate region,For con-venience in calculations,m is assumed 
to be equal to three for slow bubbles. Figure 56, shows the 
small and large particle, data in the fast,and intermediate 
 - -   '      T*- •-■  '  "'"""■" " t '■ 
■ ■  .'■•■■•   K 
regimes, respectively. 
The interrelation between (U /Umf), (ut/umf) and £ for ^h^-s 
plot can be derived from Equation 2k  fjor^small particles 
with fast bubbles: 
Equation 27 is used.to derive a relation between (U /Um-^) t 
(U-jVu , ), and & f or' large particles t 
. (Uo/Umb)=1+ 5(2+VUmb) (^8) 
e) Deduction of m and 0f from Bubbling Behavior at 
Free Surface 
For a.given d , p   , Umf, UQ, L , NQ , and'A^j De can 
. • ...J. . -V 
be.estimated from Equations Ik  and 15 , so that N becomes a 
function of j2L and m only; 
N = N(0ffm) ' 
-2k 
Returning to Equation 13 which defines N$ 
rrfc D?(O. 711^57 ♦ u-2U_ ♦ muJ 
^BED ^o-Umf) 
and substituting Equation 6 into Equation 13; we obtain: 
N i <*9). 
^S .J&J?* .♦A»T_1><WL 
or solving for U -U- and using the experimental values of 
N
 
as
 
Nexp! 
VUmf = Nexpf-^ (De/ABED) Ub *^'^ Nexp ^4  (De/ABED>' 
U
mf  ' .  (50) 
The bubbling frequency, n/ABED,, for any size of part- 
icles is given by Equation 39 with U V exchanged by U „: 
.   V^^mf-^mf 
n/ABED = 7T n3 <51) 
6 e 
After rearranging Equation 51 to solve for U -U «, we ob- 
tain: 
-   VUmf = <^W XDe '^"D 6  Umf    ;    (52) 
Substituting Equation 10 into Equation 52; 
-2.5- 
•  VUmf = <*/ABED> ;f-De  ^"H N f ^i'W Umf  <53) 
Finally, substituting Equation ^ into Equation 53 and using 
the experimental values of n/ABED-and N as (V'A-nTrjOgx^ and 
1Nexp' 
2T_ r.3   ^ /."IN    w 7&</Zfn2. 
•) Uo-Umf ^Wexp (TDe *(""1>  Nexpf^f <De/ABED>  Umf  <^ 
For given dp, Pp,  Umf,  UQ,  L,  NQ, ABED,  Nexp and  (nABED)expl 
U^ is calculated from Equation 6, D^  is estimated from Equa- 
tions Ik and 15;  and Equations 50 and 5^ become two simul- 
taneous equations with the unknowns 0~ and m,only.  Solving 
for 0~ and mfrOm Equations' 50 and 5^ we get: 
/(n/ABED)         De ABED 
tt*l (55) 
^Axp Ub 
Uo-Umf-^^BED^xp-f-^. 
m - 1   + : ■ ■  
Nexpf-^ <De/ABED> Umf 
(56) 
or.using the definition of the visible bubble flow velocity 
(Qb/ABFT))exr) from Equation kk,  Equations 55  and 56 may be 
expressed .as 
\k  A^^-piCQ-R/Appp)) 
0 
BED^wB/aBED;exp ■     ,--) 
f
  ''  ^
DeUbNexp 
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Uv 
mZl
*     IT    to /A       V        CVUmf-(VWexp:i ^ 
-27- 
HI. APPARATUS , INSTRUMENTATION,' AND-EXPERIMENTAL 
PROCEDURE 
a) Bed Geometry 
The fluidized "bed used in. the experiments is a 75.9 x 
75«9 cm. square bed. The details of this bed are shown in 
Figure 1 . 
The front wall is made of plexiglass ,±o permit the 
visualization of bubbles and surface eruptions.. The left 
and rear'panels are made of steel. The right side panel is 
composed of two parts and the upper portion can be replaced 
by a y/ood panel for convenience in setting and adjusting 
the mirror. There is also a small opening in the lower 
panel to allow handy, and quick modifications inside the bed.. 
The discharge valve at the bottom of the left panel 
speeds up the removal of the beads. 
The plenum box is bolted to the bed chamber at the bot- 
tom. It contains a grid .support to support the distributor 
plate especially in the case,of the existence of very heavy 
particles above the distributor. There is also a convenient 
front panel on the plenum box to allow modifications inside 
the-plenum box. In addition, there is a pressure tap on this 
panel for measuring pressure inside the plenum, as shown in 
Figure 1 '. ' ' 
The plexiglass front v/all has a bubble injection port 
to use in controlled bubble injection experiments. Transpar- 
• -28- 
encies having grid lines can be mounted on' the plexiglass 
wall to provide a reference, measure during the play-hack of 
the video film. 
An. optional mirror can he placed above the free surface- 
be tween the sidewalls, for obse*rving the top of the bed. 
The hood of the bed is connected to a cyclone in order 
to pick up the fine particles iAirown up with high "flow rates. 
Figure 2 shows the fluidized bed.and cyclone arrangement. 
The wholei struct ure"ca.h be lifted upoh four" b'olts "for 
leveling and positioning or only the top portion of the "bed 
can be lifted up above the plenum box to change the distri- 
butor. 
b) Distributor Design 
The .first distributor 1?hat was used in the 'experiments 
was a sintered porous glass flat distributor 0.953 cm., thick 
and &1 x 81 cm. in cross-sectional area. But, because of the. 
wrong strength specifications given by'the manufacturer, it 
failed (cracked) at high flow rates. Pressure drop charac- 
teristics and minimum fluidization measurements for small- 
particles for this distributor are shown in Figure 8. 
The distributor used for. all remaining experiments is a 
•multi-orifice type steel distributor. It was made of 81 x 81 
cm., 0.953 cm, thick steel'plate with 484(0.4 cm.dia.) holes 
drilled on a 3«6l cm. square pitch, giving 0.084 holes/cm 
and a free area of 1.04 fo.  The method recommended by Kunii. 
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and Levenspiel [22] and Chen [3] was followed in the design 
of the distributor. The pressure drop across the distrib- 
utor for the minimum fluidization ■condition was 3«0 %  for 
the deepest^bed (75.0 cm.). Over a wide range of fluidiza- 
tion velocities and bed heights the fluidization quality was 
quite uniform throughout, the experiments with this distrib- 
utor, except for very deep beds and at very low flow rates. 
In order to keep the particles from falling down into 
the plenum box through the holes-, the upper side of the 
distributor was covered by a woven steel wire cloth. The 
wire cloth was glued to the.plate to prevent it from lifting 
off at high flow- rates. The wire cloth was woven #rom 0.0036 
cm. dia. stainless steel wire giving a mesh size of 23P x 230. 
The pressure drop across the wire cloth is negligible com- 
pared to the pressure drop through the holes of the distrib- 
utor plate. A sketch showing the 'details of the distributor 
is in Figure 3 . 
The pressure drop characteristics of the porous plate 
and the perforated plate distributors are shown in Figures - 
8 and 9 . 
The yield strength of the distributor against the maxi- 
mum flexural strength oh it v/as checked for safety at very 
high flow rates. • 
c) The Check on the Strength .of Various Parts of the 
Plenum Box' . 
-30- 
The following parts of the- plenum'box were checked by- 
stress calculations against a possible failure of : 
(i) Bolts on the front panel (Direct shear and direct 
tension of the bolts). 
(ii) Butt and fillet welds in between the sidewalls. 
(iii) .Fillet v/eld at the bottom, 
(iv) Surface of the front panel. 
All parts of the plenum box have adequate strength, . 
under the worst conditions with very high factors of safety. 
In order to measure the absolute pressure, a .pressure 
tap was also designed on the front panel of the'plenum box, 
using an estimated value of the dynamic pressure difference 
inside the plenum box. 
d) Air Flow Rate Lie a sure me nts 
The flow of air into the bed was supplied from a 160 
psi'g (max) capacity compressor and was measured by using ..two 
precalibrated orifice meters. One of these orifices has 7.158 
cm. diameter (beveled ^5°) with .a diameter ratio of 0=0.70; 
the other is 3.068 cm.in diameter (beveled ^5°) with a' dia- 
meter ratio of 0 = 0.75. The thickness of the large orifice 
plate is 0.^76 cm, and the thickness of the small-orifice 
plate is 0.318 cm. The pressure tap hole diameter for the 
small orifice is 0.1'59 cm.'and the first hole is*located at 
10.226 cm', upstream and the second 5«H3. cm. downstream of 
the large orifice plate. The pressure .tap hole diameter for 
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the small orifice is 0.1^9 cm. and the first hole is lo- 
cated at 4.08?'.cm. upstream and the second 1.811 cm. down- 
stream of the small orifice plate.' Both orifices were de- 
signed according to the appropriate ASME thin plate type . 
orifice specifications. 
The orifice meters were' calibrated by both pitot tube 
experiments and by theoretical calculations. Pitot tube • 
experiments v/ere performed at the exit of 2.5 m. long, se- 
aled smooth 15.5 cm. inner dia. steel pipe which was direct- 
ly connected to the "orifice by a plastic hose * For a given 
flow rate assuming that the flow v/as fully developed at the 
exit, a static pitot tube was vertically and horizontally 
traversed across the pipe exit by small increments, record- 
ing the pressure at each point. Since the differential' 
pressure at each section is known as an average, the flow 
rate, Q., at each cross-sectional area, shown, 
FLOW RATE 
Q: 
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can be calculated from the equation: 
/2(Pp-P, ) jr 2    2 
The total flow rate, v^0mAL» is then-the integration of the 
flow rate over whole cross-sectional area, simply the "sum 
of all Q.. Theoretically, the flow rate was calculated by 
the following iterative procedure: • 
■ 1) For a given differential pressure in the orifice, 
the expansion factor, Y, can be calculated from the equation: 
Y = i-[o.in*o.35 n^] ( 4^ )k : 
where P-, is the absolute pressure before the orifice and 
k: 1.4 for air. 
2) Assuming a flow coefficient,K, the flow rate is 
calculated from: 
• I 4 ' * ■V- . KY A  /2 AP 
* ■   YTQTAL" ^ "or/ Pg 
where AQr  is the area of each orifice', and AP is the differ- 
ential pressure across the orifice.' 
3) The velocity of air inside the pipe is: 
V-"_E0TAL        ' " ' 
A aPIPE 
*+) The Reynolds number of the flow is: 
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/• 
. 4 ■ RD=—^~ 
5) From the table of FL. versus K from ASME manuals, 
a ,new value of K can be estimated. 
6) Go to step 2 and repeat the procedure until con- 
vergence is reached. 
Note that, at each flow rate, the correct values for 
p    andv    should be used. 
The pitot tube experimental results and the theoretical 
results are summarized in Table 3 ..The results agreed rea- 
sonably well with an error of at most 9.6 fo  for the worst • 
case; and using this information the flow rate versus dif- 
ferential pressure across the orifice curves can be plotted 
( see Figure 5, 6). 
Air flow rates ranged from 47,191.68 cnr/sec to 1511' 
516.80 cm-ysec  f°r small particles, and from 134,150.4-0. 
cm-ysec to 170,150.4 cm-ysec for large particles. 
Superficial gas velocity, U , inside the bed can be 
calculated by dividing the air.flow rate by the cross-sec- 
tional, area, so. that 
-£'■'■ 
TT . 
vT0TAL 
n "  A 0
 . ■"'BED 
The above ranges of air flow rates correspond to super- 
ficial gas velocities from 8.193 cm/sec  to 26.305 cm/sec 
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for small particles, and from 23.29 cm/sec /to 29.5^ cm/sec 
' \ for large particles. • . 
The lower air flow rates were measured by the small 
orifice meter, and the higher air flow fates were measured . 
by the large, orifice meter. Both orifice meters are located 
on the same air-feed line, as shown in Figure ^ . 
The orifice differential pressures were measured "by a 
manometer bank consisting of two 91.^ cm. water' and- 
two 91.W^"mTlJ-type mercury manometers, The pressure in- 
side the plenum box was also measured by a 91.^.cm. U-type 
mercury manometer. 
e) Instrumentation For Flow Visualization 
"•■ Bubble eruption and particle- elutriation measurements 
were ail made..by a Videologic Company INSTAR highspeed video 
system. The system is capable of recording and playing at a 
rate of 120 frames -per second and has a slow motion feature * 
which allows the user to observe the film frame by frame. 
The dual- camera feature enables the user to take a picture 
,of two different parts of the bed at the same time and dis- 
play these simultaneously on a split screen,close-up lens 
can be used to achieve more detail for. objects at a distance 
of greater than 15 cm. . . 
Most of the experiments were performed with dual-yideo, 
cameras, one observing the bed' surface'.through a tilted 
mirror located at the top of the bed, the other observing 
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directly the front wall of the bed. (see Figure 7) . The 
video equipment had two synchronized light strobes to help 
in getting a good contrast and high quality'filming. These 
strobes could be moved during the experiments to get the best 
contrast, and they were usually very close to the. bed. The 
bed surface was illuminated with an extra light bulb to de- - 
tect the regions obstructed from the strobes by the bulge 
material being thrown up. A black background gave the best 
contrast with white particles. The video film was split into 
two parts, to observe both the front and top of the bed. 
Because of the electrostatic effects, the front plexiglass " 
was very often wiped with an antistatic plastic polish and 
d?ustrepellent spray for'use on all plastic surfaces, during 
the experiments.. 
The bubble shape analysis was made on pictures taken by 
an INSTAR Xerox machine hooked up to the video recorder. 
f) Experimental Procedure 
Care was taken to follow these steps very precisely dur- 
ing' the experiments: 
1. Turn the air on "by the big valve through the large 
orifice for high flow rates and by the small valve through 
the small orifice for low flow rates. 
2. Select a differential pressure across the orifice 
on the-manometer. Record the average differential manometer 
reading. Record the corresponding flow .rate along with' the 
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gauge pressure before the orifice and the pressure in- 
side the plenum box. Also record the minimum fluidization 
bed height.     .'.*.. 
3« Adjust the cameras and set up the strobe light's 
with the cameras. Adjust the. mirror if necessary. Liake the 
settings for good contrast, sharp focusing and high" picture 
quality. Split the.video screen if optional dual camera is 
""usedV""  " ™      ----- —-     -      ■-■— 
— -■■ —  ii-. -Se-cord -"the--bubbling- -at- the—front surface--and/or 
the eruptions at the free surface of the bed through the- • 
mirror. 
Prior to the experiments a static bed height was sel- 
ected by adding or removing bed material from the bed. Sta- 
tic effe-cts on the front plexiglass wall were removed by 
using an antistatic spray. 
All experiments were performed in the freely bubbling 
mode. At each bed height different flow rates were recorded 
until the flow rate v/as so high and the eruptions so chaotic 
that meaningful . flow visualization became impossible. After 
*'. each set' of recordings, the film was played back to-check 
the' recording quality. Unsatisfactory.recordings were simply 
• ignored. 
fiach run was- played back in slow motion separately, and 
the bubble count, bubble frequency, bubble eruption diame- 
. ters, bulge and wake ejection heights, frequency of double^ 
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■bubbles and the behavior of horizontal coalescence were re- 
corded at each bed height and' gas velocity. 
The bubble count, N (Number of bubbles at the free sur- 
face at a given instant of time), was analyzed frame by fra~ 
me from the film recordings for the top of the bed. Only the 
bubbles through which gas was flowing,- were considered. The--- 
se bubbles.referred, to here as "active" bubbles,were iden- 
tified by the upward motion of the bulge material. The bub- , 
bles were counted, if their bulges were stillrising in the" 
consequent frames .. When the wake material for a.bubble was 
first observed, the bubble was no longer considered "active", 
Bubble frequency, A/A„„n, .was. measured' from the same 
film sequences. V/hile the film advance was in the slowest 
mode, the number of surface eruptions for a moderate amount 
of time (usually at least 300 frames) was counted. The data 
were then modified for 120 frames (1 second) and' divided by 
the bed area to find the true frequency,.the number of bub- 
le's erupting,at the surface, per unit bed area, per second. 
• The bubble eruption diameters, D'. , were measured from 
the front v/all video recordings, as shown in Figure 7 . The 
largest width of the observed bubble v/as measured as the 
eruption diameter at the free -surface. At each bed height 
and flow rate at least 100 bubbles were counted. The arith- 
metic average of the diameters of those bubbles which were' 
single were taken. The heights to whi'ch the .bulge and wake 
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ejected were also recorded to calculate (H/D.) ratios. 
The horizontal and vertical coalescence of "bubbles are 
defined in Figure 71. The frequency of double bubbles which 
went into a vertical coalescence were recorded..The charac- 
teristics of the horizontally coalesced bubbles were obser- 
ved. The effect/of surface waves and motions on bubbling 
behaviour was-also recorded. 
The frame numbers were-recorded for convenience, during 
the video tape analysis. . '" 
For double bubble eruptions, the information on jet 
spray, the height to which the midlayer burst and the size 
of leading bubble was recorded. 
-39- 
-<K 
IV. RESULTS 
a) Introduction 1  
The results,in general, can "be divided into two .cat- 
egories, experimental, and theoretical.. Botn experimental 
and theoretical results are for two different kinds of 
particles, 26h fim,  glass "beads and ^30^ /im,  puffed millet. 
After the selection of particle size and densities, 
the minimum fluidization velocities were calculated. They 
were checked against their experimental values measured 
from the pressure drop curves.'      ' 
The remaining independent variables in this study 
were: 
(i) Excess air velocity, (U -U _) or (U -U , ) 
• (ii) -Minimum fluidization bed height, L „ 
Experiments were done at- each selected minimum fluid-: 
ization bed height in a range of excels air velocities, and 
calculations were'based on these recordings of.bed height ' 
and air velocity for comparison with the experimental data. 
Actual bed heights, L, were calculated using the two- 
phase theory derivations and 'were compared with the' exper- 
imental readings. 
Calculations and/or experiments were performed and re- 
sults are presented-for the following' variables: 
(i)  Bubble eruption diameter, D. , and bubble equiv- 
alent diameter. D . 
e      .... 
-1*0- 
./. v? 
(ii)  Bubble rise velocity, U, and bubble speed   - 
fraction U,/Uf. 
(i^ij  Visible bubble flow velocity, -(Q-g/A^^)gxt)' 
(iv)  Through-flow coefficient, m. 
(v)  Flov.' area shape'factor, jZL 
(vi)  Bubble count ^ IT 
(vii)  Bubble freauency, n/A-,^-. 
JDJ-LIJ 
(viii)' • The bulge and y/al-re ejection heights, 
<H/Di>BULGE ^^Vv/Alul 
(i::)  Double bubble frequency. 
(;:)  Horizontal coalescence of bubbles. 
b)* Particle Size and Density 
. Two different size particles were used in the e:-rperi- 
ments. 26^111^^33 beads^and 4304^, puffed millet. Both 
of these particles fall into the range of group B type 
particles according to C-eldart's classification (Chen [3])« 
The large particles v:ere especially selected to" observe 
the change in the validity of the two-phase theory by the 
change in particle size. * 
The size of-the -glass beads. was measured by a) micro- 
scope and b) Sieve analysis. I'icroscope measurements- gave 
somewhat higher averages. However since the exact outer 
size of each particle was measured one by one, by the 
•microscope, the results by microscope were considered to 
be more reliable .- L>,r Sieve analysis the weighted, averages- 
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of the  "oarticlec were determined using the  equation: 
V- V:fTOT( 
where X. is' the weight fraction of particles in a given 
size range ( Kunii and Levenspiel [22] ). 
The sieve analysis .for glass beads is a very common 
procedure that is used extensively by many authors [_  1,   12, 
•'-:';::-■'  ..■ - .     • ■ ■ -       »•  . .  ~  -■• .■■ 
13» l^i "28, 35» 38 J,  hut it underestimates the actual size. 
The puffed millet particles, were too large to be ob- 
served by microscope or to be analyzed by sieve. Instead, 
we used a micrometer and an optical bench to 'measure the 
size. The scatter by micrometer'measurements was lower than 
the one by the optical bench tests. Puffed millet particles 
were oblate spheroid in shape. Two semir-axis measurements 
were taken for each particle by a micrometer, from which 
the"average volume was calculated.'Appendix C, gives the 
details- of these calculations. 
Summaries of the sieve analyses and microscope analyses 
for the glass beads,and micrometer and optical bench analy- 
ses for the puffed millet are given in Tables b  and 5 . 
Since the" bed was very big in size, it had no effect 
on the selection of the particle, size. 
The spherical glass beads have a density of 2.500 
g/cm , and the puffed millet particles have 0.131 g/cnJ. 
The density of glass beads was both provided by1 -the nanu- 
-UrZ- 
facturer and measured experimentally. However, there v/as 
\ 
no available information on the density of puffed millet 
part-icles. Therefore, using the definition, the average 
v/eight of each particle v/as divided by its volume to.find 
the density. The average v/eight v/as estimated from 2000 
'.particles. 
c) The Experimental and' Calculated Minimum Fluidization 
VelocitY-, uraf ■''•■• 
• The minimum fluidization. velocity, U ~, v/as calculated 
mi 
from the ecmation: 
V5- 
given by Kunii and Levenspiel [22]. The properties of air 
v/ere evaluated at 20°-'C temperature and 1 atm. pressure. 
U ., for d = 26^ urn,  glass beads v/as calculated to be 5',68 
nu     p     ^  ° . • 
cm/sec. ' 
Hov/ever, since the puffed millet particles have a. 
sphericity, 0   ,   smaller than the sphericity of glass beads 
( which is almost equal to one ) and, the minimum fluid- 
ization bed voidage, *€ „,• smaller than 0.^'-, the constants 
in the above equation change. The form of the equation used 
for the calculation of .U -,' for larrre ^articles is as fallows: 
mi ^   .-    ' 
Umfdp/°g=[(36>72)2 + (o.oi78)  S^VVAs^ ]l/2_ 36.72 
^ ■ K      - 
-k3- 
Appendix A gives the details for the. derivation of this 
equation for l±30k /im,puffed millet. Umf for d = ^O^'/m,. 
puffed millet particles, was calculated to "be 18.5 .em/sec. 
Experimentally, the technique suggested by Richardson 
[33] and applied by Dille[10] and Rowe and Everett [27] was 
used. At a given bed height, if the pressure inside the 
plenum box is recorded by changing (increasing or decreasing) 
the flow rate, it represents the pressure drop across the 
distributor. The pressure drop across the distributor with- 
out any bed material ( Figure 9 ) is then subtracted from 
this curve to obtain the pressure drop across the bed. The 
velocity at the point,where'pressure drop curves of the 
packed and fluidized bed intersect, is.identified as the 
minimum fluidization velocity. 
For very low flow rates, a porous plate distributor 
was used to measure U .~, for small particles. The minimum 
fluidization measurements v/ith this distributor for small . • 
particles are tabulated in Table 6 and shown in Figure 8 . 
Tables. 7, 8 and 9 pro-sent the minimum fluidization velo- 
city measurements by the perforated plate distributor for 
both glass beads and puffed millet,,particles-v Results are 
shown in Figure:: 9,' 10and 11. Experimental U ~ for d = Zol'r 
fin. particles is ,5.'97 cm/se.c, and.it is'11.60 cm/sec for 
d= ^304 /im. particles.       ' . 
The experimental bubbling velocity, U - ,. v/ith large 
_!i.4_ 
particles is 17.60 cn/sec and it was used in the analysis 
and experiment's instead of the minimum flu'idization velo- • 
city.        ' ' 
The usual form of the pressure drop curve with k'JOk 
■ fir:,   puffed millet is not observed. The bed pressure drop 
::eeps • increasing even after the "minimum fluidization con- 
dition. These large'particles, however, fluidized very uni- 
formly., showing very clear bubbling, and v.dth no channeling 
inside" the bed. -~  • " """•"       "■"'"• 
d) Excess Air Velocity r(U0-Umf) or (UQ-Umb)] 
The excess air velocity is a parameter, which repre- 
sents the additional flow,over the minimum fluidization - 
that goes into the bubbles. This was between 2.51 cm/sec 
and 20.62 cn/sec "for small particles,and between 5-69 cm/ 
sec and 11.94 cm/sec for large particles. 
'The quantity (U -U -)was. the parameter used to repre- 
sent the excess air velocity with 26k- fim,  glass beads. 
However, the minimum fluidization and minimum bubbling ve- 
locities didn't match for k-JOk- fimr-' puffed millet, while 
they did v.dth the glass beads. For 430*:- yum, particles, mini- 
mum' bubbling velocity was. used for puffed-millet as an   ■ " ' 
excess air velocity, throughout the experiments and the 
calculations. 
The' air flow into the system was not steady, there were 
r:orae  fluctuations in manometer readings due to the irre'gu- . 
■45-.- 
larities of the air that is fed by the compressor. There 
is also an error in the used value of U ~, introducing an 
mj.      i 
* 
additional error to the excess air velocity calculations. 
The "calculated value was used in the calculations. However 
the calculated U f for puffed millet v/as much "bigger than 
the experiments,! one and the minimum bubbling velocity v/as 
r 
in between these values, actually very close to the calcu- 
lated U v.. ' 
e) Actual and Minimum Fluidization Bed Heights 
Experiments' were performed between 1-5.00 cm. 'and 
7k-.93 cm. of bed heights at minimum fluidization with small 
particles and between 20.00 cm. and 76.^-5 cm. for large 
particles. Very shallow beds were used to ^observe the nature 
of the vertical coalescence, and very'deTep beds," especially 
to observe the cha.nge in bubbling frequency, nonuniforrnity 
in.fluidization, well?effects and the surface motion at 
high flow rates. The experimental set-up made.it difficult 
to go more than a 75 cm. bed height. The surface motion 
and the chaotic structure of the surface eruptions made it 
very difficult to measure the actual bed height. However, 
50 different measurements for the actual bed-height,L , for 
.glass particles, gave good agreement with the Value predic- 
ted from the eouation:' 
-
L
-_l-  ' U°"Umf 
Lmf~  o.7ii/iVUmf 
-k'6-' 
The predicted versus measured values of actual bed 
height, L, and the "bed expansion ratio, predicted versus 
experimental are plotted in Figures l6and 17, respectively. 
The predicted versus measured- values of actual "bed • 
height,. L, and the bed expansion ratio for puffed millet, 
L/L'are plotted in Figures l8and 19, respectively. 
The actual bed height for puffed millet is predicted. 
from the eauation:    ' 
L
mb ■"I'.°-71VgD;*2Umb 
f)  Pleasured Bubble Eruntion Diameter,  D.,  and Bubble 
, - _Z  -[_'  
Equivalent- Diameter, D 
-—I . - 1  Q 
The bubble diameter at the free surface is called the 
bubble eruption "diameter,D.. It is the largest width of 
the-bubble'right before it erupts at the surface'. Experi- 
mentally, D-, was measured from 20 different sets "of data, 
covering a wide range of experimental conditions for glass 
beads, and from 15 different sets of data fortpuffed millet 
(Figure-20). As an average, .D. was approximated 'from the" 
eauation: ■      -n 
U 
. ■'    •  , Dl "   NT 
where U„   is the total number of bubbles observed, and, D' T '    '  n 
is the diameter of'each single bubble.D. was' then related 
to' the bubble'enuivalent diameter D r  usin^' an ar>~>ro~riate 
'"  ' &.  e        ■":"•  
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shape factor, 0-, through the relation; 
** D. - 0. D 1 - Fx    e . 
By definition, the ratio of the diameter ofJthe sphere 
having the same volume of the actual' bubble under consider- 
ation, to the observed eruption diameter of the bubble is 
called the shape factor, 0.. 'Fourtythree different bubbles 
in the "small* particle bed and 32, for the .large particles,, 
representing different, bed heights and'flow rates, were 
analyzed to'find the shape factor, 0.   (Figures 12and 13). 
Each bubble was divided into small areas, from which the', 
small-volumes of the discs of revolution were calculated, 
and integrated over the bubble surface area. Then this 
calculated volume was-set equal to the volume of a sphere 
having a diameter, D . The quantity,.D was solved from 
this resulting equation. An average of 1.15^- for small part- 
icles, and 1.25^ for large■particles was obtained for 0. 
from the analysis -of pictures. The data show that 0.   is a 
function of the bubble eruption diameter, D. (Figure 12). 
Using a least squares curve fit, the dependence of 0.   on 
* '     
1
- 
D. can be given by the equation: ■ 
,0± =   A' ♦ BD- 
'.vhcrc A'and. I' are experimentally determined constants.' 
Both 0..z constant and 0. -.0-   (D. ) give a very good ■ 
fit of. tire experimental values of B. to B\ calculated from 
-^8- 
Kato and Ken [21], This occured for "both the' small and' large 
particles. The Kato and V/en correlation was used to esti- 
mate D , wheree'ver needed in this study. 
e * ■   ■   - 
Among the other bubble growth correlations the Darton, 
et. al. [8 ] model, and the'llori and Ken [29] correlation 
were compared with our data for 26*1" /im, 'glass beads in 
Figures 19 and 20 . Both the Darton, et.al. model, and the 
Mori, and Ken correlation underestimate the bubble "size. In 
general' the observed bubbles are relatively large and^iflSbst 
of the available correlations, in the literature underesti1- 
mate the bubble diameters in this study. 
$.   and D. were related through the equations: 
^ir 0.006D. ♦ 1.076 ( For small particle data) 
0iz  Q.00133Di ♦ 1.2233 ( For large particle data). 
The observed bubble eruption diameter,D., is almost a 
linear function of the minimum flui'disation bed height,! f, 
for .both small and large particle beds [Figures 23and 2^]. 
g) Bubble Rise Velocity, U, 
The bubble rise'velocity in'this worl: v.-as estimated*, 
by the Equation:       . -      • . 
U. = 0.711 Jcp~  ♦ U -IT K b       J f  e  o nu- 
where D is estimated from the Kato and '.."en correlation ■ e 
and U •-, exchanged by U , for kJOk- um,   -cuffed millet rjart- 
mi      J .     mo        ^ 
icles. ■•■■-. 
The.above equation for bubble rise velocity is a fair- 
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ly good- approximation for gas bubbles in solid media. It ■ 
fits the experimental observations quite well Table 18 and 
Figure 26], and is used by almost all investigators [Table 
39].   •    ;  . 
The magnitude of the uncertainty iri the bubble rise 
velocity, U,., depends on how well D is correlated to the 
experimental data through the correlations. 
The experimental data is compared with data .of Levy, 
et. al. ih Figure 27.      •..."■ 
' h) Visible Bubble Floy; Velocity 
.The visible bubble flow velocities were derived from 
■ • <VWexp= T" D^*/ABED)exp 
using *the experimental frequencies' and D- from the IZato C: 
Wen correlation. 
The results are tabulated in Tables 26 and 27 ; ; ". 
^
f;
z:/"DZL^/^Uo"Unf^ v^rie£ frorn &3  to 93 percent for the 
glass beads, and from. 21'to 26 percent for the'-ruffed millet 
-articles. ' 
The glass beads (,26'v/in. ) data follows the two-phase 
.theory predictions more closely. 
i) o Throurrh-Z'low Coefficient, n 
The solution of :.: from ZZouation 11 -using the ei-roeri- ' 
mental bubble count, '.'.  ...^, and the-.bubble shape factor, '0 • , 
did not match the'solution of ::\  from bc-nation ''-O v;ith & 
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estimated from Equation. 4-1 again using:0. as the shape fact- 
or. This'led us to a conclusion that the flow area is dif- 
ferent than the observed area,'and the flow area should be' 
estimated by.a different shape factor, $f   ,  which is dif- 
ferent than the bubble shape factor 0.. By solving for the 
unknowns n and 0^  from two simultaneous. Equations -53 and 
5*.'-» the bubble frequency and bubble count Equations kO and 
1.3 are both satisfied. 
The. through-flow coefficient, m was derived' from- Equa- 
tion 5" using the experimental results. 
The dependence of m on D , U -U. ^ and L „ is shown in y5 e   o . ml     mi 
Figures6l ,57 and 63 for small particles and in Figures 62, 
58 and 63 for large, particles. Obviously, m increases with 
the -bed* height but the dependence on D and (U -U ~) is* not 
clear ,for small particles. For large particles m increases 
witti the excess air velocity .slightly.. It again increases 
strongly with the bed he/ight for large particles..m -tends 
to increase with an increase in D , but because of the lack 
e -     . 
of enough experimental data with large particles, this 
behaviour is not obvious. 
j) Flpw Area Shane Factor, 0.„ 
',,'ith the same reasoning given in section (i), the flow 
area shape factor, 0^ increases with an increase 'in excess 
air velocity but decreases with-an increase in bed height. 
■/..-.,   cr-^arciit'ly is not a function of excess air velocity and 
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bed height, for large particles. •  , 
• k) Experimental Eubble Count, N_„_ 
The' top view of the "bed provides information on the 
••'■■.      -     > ■ i 
bubble count, N » At each frozen frame, the number of active 
bubble sites (bubbles with rising..bulges) v/ere. counted to 
provide a measure of N. The experimental -N data-are plotted 
along with., the predicted ^values in Figures* 28- ^1 . 
"For very high flow rate's in deep beds, the bubbles were 
so-big and fast that the ejected particles obstructed the 
flow visualization through the mirror "and the bulge materi- 
als did not allow the illumination of the surface area any 
more. Therefore, in deep beds experimental set up restrict-' 
ed the data for. II to'lo.w flow rates only. ■,       , 
The experimental bubble.,-count data, Ne   f fall into 
the region, .between the theoretical curves- for ft. =  1 and 
$i z 0-   „,„_. This may lead to a conclusion that the-flow-area x   ±, avg .... . 
shape factor- is somewhere in.between these two limits. But, 
since the through-flow coefficient , m , deduced from the. 
bubble count Equation 13does not match the one solved from 
the bubble frequency Equation ko,  this is not the case. The ' 
true flow .area shape factor should be off these limits. 
II is a decreasing function of bed height and excess 
flow velocity for small particles. It decreases with an    , 
increase in bed height,, and it increases to a 'maximum at 
around 8 cn/sec and then decreases for larfrc.'Particles. 
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N is predicted from the  equation! 
4
 WVumf>■ N = 
^4D?Cub'^m-1)Umf] 
where 0 "and m are estimated from Tables 30 and 31, and D" 
in estimated from Kato* and Wen correlation. 
1) Experimental Bubble Frequency , -(VAPT7jJer '■ 
From the observations on the free surface of the "bed, 
the number of bubbles erupting at the free surface•for.one 
second was counted and divided by the bed area , A^^ , to 
SDXLU 
.find the bubble frequency, (n/A^.^)-„_.• 
Experim»ntal bubble' frequency, data along v/ith the pre- 
dicted values are "plotted in Figures ^2 - 55 for different' 
excess air velocitie.s .and bed heights. Predicted .values are 
calculated from the equation: • • 
vA     v^-aKf-fr^mf " 
- ,   
n/ABED ~     "K     p3    ""*■ 
e .... 
v/here'15  is estimated .from the Kato and "..'en' correlation, 
m is used- from Tatile 30 , and b  is defined by Equation 11, 
Experimental results are always lov/er than the predict-■ 
ed values due to the .underestimation of the through-flor; 
coefficient. Agreement is especially good' for high flov; 
: rates. • 
Altough the error becomes larger for higher flov; rates, 
—-?J~     . ^t-ii.-i.^ 
the uncertainty in the experiments "becomes higher, for- lov/er 
flow rates due to the nonuniformities in fluidization, gulf- 
stream type of circulations and v/all effects inside the bed. 
'. Tables 2^ and 25 summarize the calculations and exper- 
imental results. 
' n) The Ratio of the Bulge-7,'ake Sje-ction Height t'o the 
Observed Bubble Zruotion Diameter 
 
] ■%» ■• 
The dimensionless ratio (H/D. ) -V/as measured both for 
the bulge and v/ake materials'. H is the height above the 
. free, surface- the bulge or v/ake material rises. The quantity., 
if divided#by the eruption diameter, represents the'surface 
eruption' characteristics of the bubble, v/hich is important 
in modeling the free surface elutriation processes. The .,- 
results on the average are": 
■      (H/Di)3ULGE=0-752  : ' 
:        (H/D.)   . -0M5    \   ' 
t 1  iini IJ_J 
! somev-l 
reported by-.. Lev;/-, et.al.[2^],     .... • 
"   ^iVjLC-i: = 0-6°        ' 
• ' '.  -  
(Ii/Di)'.;Ain: = 0*33  '       ' 
•'and .lovve C3*Of possibly because" of .the dominant effect of 
the bed • geo'.'-.c.try. ..l-t"iov."h,. '::'.\e  results are' independent of 
the.bed height and the excess air velocity,, 'in. Figures 66, 
. 67 and 691   "-  slight, linear increase is observed in. 
-5^-' 
(H/D'-Xr.j^ value with an increase in (U.o-Umf)( Figure 70). 
Both'(H/D^Jgy-j^^ arid . (H/Dj_)-;AKE are 'a linear function of Di 
*>       . (Figures 65and 68). 
Note that the results are for single bubbles only. 
n) Double Bubble Frequency 
•During the experiments made with 26^ /im, glass, verti- 
cal coalescence of bubbles was observed. The bubbles which 
go into a vertical coalescence, as shown in Figure ?1, are 
called double bubbles, The observations with double bubbles 
were very similar to that of Levy, et.al.[24].with double 
• bubble eruptions the height to which the bulge or wake mate- 
rial rose was higher than with single bubble eruptions.•The 
fraction of. double bubble eruptions over the entire eruption, 
population ranged between 3 and 25 percents. The number of 
vertical coalescence events seems to decay with an increase 
7 ■ ■ 
•  in; bed height, however, increase in superficial gas velocity 
increases the number of vertical coalescences. These trends 
are observed in.Figures 72 and 73. • 
tt b) Horizontal Coalescence of Bubbles 
Horizontal.coalescence of bubbles was observed in the 
bed both at the top surface.and on the front wall. Figure 
^ ?1 shows the shape and .nomen clattire. for these bubbles. The, 
bulge and wake height's were taken to be the averages for the 
■ t'.vp bubbles.' The effect of horizontal coalescence on the 
olutriat'ion 'nro^erties of the bubbles was investigated, by 
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statistical analysis the recorded (H/D.) ratios for both 
bulge and wake material and for horizontally' coalesced and 
non-coalesced bubbles were statistically -coranared, using 
"t-test and F-ratio tests. Both tests showed that the hori- 
zontally coalesced and horizontally non-coalesced popula- 
tions both for buige and 'wake cases were consistent with 
each other, so that the horizontal coalescence basicly has 
no effect on the characteristics of the surface elutriation. 
However, it should be noted that on the average (K/D. ),.,.TT 
is slightly higher for non-coalesced bubbles. Table 34 
shows the results.      '   • 
The number of samples used was eight and the confidence 
interval was' 99-percent. The tests used were the F-ratio 
test. with the hypothesis that the population variances are 
the same and Student t-test with the hypothesis that the 
population means are the same. Neither of the hypotheses 
was rejected by the statistical tests. 
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X. CONCLUSIONS 
The bubble eruption observations with 26k urn, glass 
beads and kJOh fim,  puffed millet particles lead to the fol-* 
lowing conclusions: 
1) The measurements obtained from experiments show 
that, the eruption diameter; D. , can be related to the 
equivalent bubble diameter, D , through^the r^P^;tion; _ 
  -- - ...-..'-.. .°  D*-'=-#—-D    -    
«'• !   !  e ■   '• ' . 
where 0.   is 1.15^ for glass beads and is 1.24 5 for puffed 
millet particles. Among the three correlations used to es- 
timate D , the correlation by Kato and Wen was found to 
give the best agreement, while those due to Darton, et.al. 
and Mori and Wen consistently underpredicted the bubble 
size.    .'■ .' 
2) The equation for absolute' bubble1 ris-e velocity; 
Ub=VUmf *°-711^e" ■ 
was found to be in good agreement with the experimental 
data for both kinds of particles. 
3) The two-phase, the 6ry does .not work we'll for either 
of the particle systems studied; even though the prediction 
is better for small particles. Equations based'on a modified 
form of the two-phase theory and whioh involve the. through- 
flow coefficient, m,and the bubble flow.area diameter at the 
■57- 
x 
free surface, Df,were derived. By'using the experimental 
bubble count, N , and the bubble eruption frequency, n/AgED, 
at the free surface, m and 0f were solved from two simulta- 
neous equations.. The quantity m is in the range of 2 to 8 
for glass beads and Ik  to 19 for puffed millet particles. 
These values are much larger than the ones predicted by the 
two-phase theory. D~ was also found to be smaller than D , 
with 0- sO.6" for puffed millet and 0.85 to 1.00 for glass 
beads. • 
k)-The bubble shape factor, 0-   , increases, with the 
measured bubble eruption diameter, D. , no matter what the 
particle size is. However., the arithmetic average of 0. 
gives a good estimation of the bubble shape factor, 0>i 
5) The two-phase theory predicts bed .axpansion for the 
small particles more closely than for the large particles. 
* • *       ■ 
6) The percentage of excess air that goes into the vis- 
ible bubble flow is from l^f to 19 for puffed millet partic- 
les and from 57 to 81 for the glass beads. 
The bubble eruption observations for the 26/i-//'m, glass 
beads led to the following conclusions: 
1) The percentage of double bubbles decreased with an 
increase in bed height and increased with an increase in 
excess air velocity, approaching 25 percent. 
2) The ratio of the bulge or v/ake height to the bubble 
diameter does not change with bed height, a slight increase 
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in these quantities was observed with an increase in excess 
air velocity. A linear increase in both-(H/D^)BUTGE and 
(H/D. )WAKj, was observed with.an increase in measured bub- 
ble eruption diameter, D..     • • 
3) The observed horizontal coalescence of bubbles does, 
not have any quantitative effect'on the particle elutri- 
ation results. 
4) At high flow rates, free surface waves and surface 
..motion interfere with the normal bubbling phenomena. Appar- 
. ently, the bed size is an important factor in.the predict- 
ion of the flow regimes. 
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XT-. RECOMMENDATIONS 
1) The bed dimension did not allow the use of a wide 
enough range of particles. Bubble "behaviour and particle 
elutriation processes should be checked by small-light and/ 
or large-dense particles. Othe.r particle, size and density 
combinations must be checked to further increase the gas- 
flow rate without destroying-the -bubbl©- phenomena. If video 
visualization is going to be used , to provide sufficient 
color contrast, only light-colored particles should be used. 
2) To understand what happens to the finey as bubbles - 
erupt at the surface, mixtures of particles have to be 
tested-. With fine.s on top of coarse material a change in 
the character of the wake material that's being thrown up, 
is expected. However, fines and coarse media must have a 
good color contrast to give high quality contrast on the 
.video film. 
3) The bed walls seemed to affect the bubbling fre- • 
quency, bubble size arid distribution. The- radial dispersion 
of these quantities should be checked by a probe, from which 
the average properties may be derived. 
h)  The question of the validity of the two-phase the- 
ory still remains unanswered. More experiments should be 
done to test the validity of the two-phase theory for a 
range of. conditions. 
• .  5) Additional work is needed in analyzing the bubbles 
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approaching the free surface' and in obtaining direct experi- 
mental values of m. The emulsion phase gas velocity should 
also be carefully measured instead of being estimated. 
6) Additional re-search must be carried out to under- 
stand the effects of operational conditions on the flow of 
gas through the bubble phase and the emulsion phase, so that 
the bubble eruption frequency can be computed from basic 
fluidization parameters accurately. 
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TABLE 1- 
PRESSURE DROP CHARACTERISTICS OF THE POROUS PLATE 
GRADE 15 DISTRIBUTOR 
U (cm/sec) Distributor Pressure Drop (cra.Hg) o * 
3.0? *K06 
3.77 ^.83 
5.53 7.H 
6.86. * -8.5c .59 
7.99. 10.5L 
9.53 ■•                                     12.57 
11.06 • 1^.61 
11 .'88 "       .     -                           15.88 
12.60 -                    17.02 
13.II 17.78 
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TABLE 2 
PRESSURE'DROP CHARACTERISTICS OF THE PERFORATED" 
PLATE STEEL DISTRIBUTOR 
U (cm/sec)-       ' Distributor Pressure Drop (cm,Hg) 
_2 .«__ , '. _^_:—: ■— 
6.36 0.64 
- 8.41 0.81' 
10.68         -       ■ .                    1.40 
'12.50 1.73 
•16.0.8 2.6.7 
19.88 3.43                      ' 
21.30 ...      4.19           •   • 
22.16 4.57. 
24.32 5.46 
26.02     .       ' 6.17     ■ 
30.22 -    8.20 
;     33.24 .   .                9.83 
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-■ . _' .  TABLE 3 . " 
RESULTS FOR PITOT TUBE EXPERIMENTS-AND THEORETICAL ANALYSIS FOR 
FLOW RATE MEASUREMENTS' ■ 
i 
ON 
-P- 
I 
Differential Pressure Mean F.low' Rate The o.retical Flow Rate' % Error 
Aero ss  the Orifice 
(cm.H2Q)" 
from.the  Pitot- 
•';     . Tube 
.   Experiments 
(cravsec) 
(crrr/sec) 
1 
Siiiall 
Orifice 
25.40- 
76.20. 
33,497.14 
55,048,83.' 
36,311.64 
60,357-36 
8.40 
• 9.60 
Large 
Orifice 
25.40 
38,10   : 
170,911.06 
213,724.44 
185,725.48 
225,369.06 
.   8.67 
5.45 
■ TABLE 4       '. 
PARTICLE CHARACTERIZATION OF 264p.m., GLASS BEADS 
SIEVE ANALYSIS 
DIAMETER RANGE - WEIGHT FRACTION 
(yum) IN INTERVAL 
' t 
( xi)   ~f. 
600 - 425 
'425 - 300 
300 - 250 ' 
250 - 212 
212 - 150 * 
150 -' 90 
.90 -  0 
.0.005 
0.-039 
0.733 
O.I36 .■ 
0.077 
0.006. 
0.004 
d by sieve analysis=255-3 /um.(3 different measure- 
ments) 
d "by microscope = 264.0/Am.(150 particles counted) 
264.yum.used in.all calculations* 
• • Pp=2.5.'g/-cm3 - 
: ^mf=,°-42 * '.'.■_ 
0„ - 1.00 -(Particles are spherical in shape) 
U •„ = 5*97 cm/sec . (Measured)   . . • . 
Umf = 5.68 era/sec (Theory) 
U , -. 5*70 cm/sec  (Measured) 
(The value 5*68 cm/sec  is used for U ~ in all 
calculations)      ' . 
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TABLE 5 
PARTICLE CHARACTERIZATION OF 4304/<m,PUFFED MILLET 
MICROMETER ANALYSIS 
DIAMETER RANGE *  WEIGHT FRACTION 
(yum'.) IN INTERVAL 
5510 - 4940 
il-930 - 4850 
4840 - 4620 
4610 - 4400 
4390 - 4180 
4170 - 3900' 
3890 - 3430 ' 
3420 - 2630 
(x±)       .  . 
0.039 
0.091 
0.106 
0.281- 
-0.193      • 
•0.151          ,   • 
.    0.114 
.0.025 
d by micrometer measurements =4304yum.( 150 particles 
counted) 
d by optical bench technique = 4050 jum.( 100 particles 
counted) . ' 
4304 urn. used in all calculations. 
Average mass of each particle is 5.^,6  x 10  g«- ( 2000 
particles' v/eighed ) ' 
pp = 0.1308 -g /cm3 ' .  ' 
• 
€mf = 0.358 
0 =0.766' (Particles are oblate spheroid'in shape) 
.U-^r 11.60 em/see  (Measured) . - 
' 
U
mf = 20'30 cm/sec  (Theory) . 
U , =17.60 cm/sec  (Measured) 
(The value l7.60 cm/sec is used for IL^ in all calcu- 
lations).  , '        .     •        ■ 
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TABLE 6 
MINIMUM FLUIDIZATION VELOCITY (Umf) 
MEASUREMENT USING THE 
POROUS PLATE- GRADE 1"5" DISTRIBUTOR 
d r 2.64yum, glass 
L f = 45.72 cm. 
U    (.cm/sec) 
1.64    , 
« 2.15 
2.97 
3.38' 
3.44 
3.89    • 
4.10 . 
4.67 
5.00 
5.53 
5.82 
6.45 
6.66 
7.25 ■7.^8 
8.03 
8.28 
8.56 
8.85    ' 
9.12 
9.87 
10^22 
10.86     ' 
10-96 ■  11.27 
•    .11.57 
11.78 
12.60 
Gauge 'Pressure Inside the 
Plenum Box .(cm.Hg) 
3.43 
4.57 
5.97 
6.48 
6.99 
7.97 
8.26 
"      8.51 
• 9.91 ■     10.92 
11.18 
12.19 . 
■   12.95     ' 
13.21 
•13.97 
14.22 
14.99. 
15.49 
15.88 
16.00 
•' 17.40 
17.53 
18.42 
18.80 
19.05 
-.'• '19.56 - - 
20.07 
21.21 
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TABUS 7 
■ -       .  
MINIMUM FLU.IDIZATION VELOCITY (U "f) . '. 
MEASUREMENT USING THE PERFORATED PLATE 
. STEEL DISTRIBUTOR 
d = 264 ixm, .glass 
L^'f =15.'00 cm. 
Gauge Pressure Inside the 
U (cm/sec)-   •  '    ■  . • '  Plenum Box (cm.HpO) 
1.14 
2.27 
2.84 
3.41 
4.54 
5.97 
7.22 
• 8.07 
9.20 
10.62 
13.69       ■ ' 
17.04 
.   3. .30 
8, .64 
12, .07 
14, .99 
20, .70 
20', .96 
• 21, .46 ■ 21, .84 
.22, .10 
22, .73 
23. .37   . 
24, .64   ' 
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TABLE .8     . " 
MINIMUM, FLUIDIZATION .VELOCITY (Ufof) 
MEASUREMENT USING THE PERFORATED PLATE 
STEEL DISTRIBUTOR - 
dp tbJOk./jim.,  puffed millet ^* ' 
Lmf = 43.18 cm. 
■ • „-. .<-■■      ■ c ■ .     Gauge Pressure Inside the 
UQ (cm.sec) •  Plenum Box- (cm.HpO) 
7-95 3.25 ' 
10.23          , 4.78 
14.32 .• -7.75 
16.59 . 9.96 
18.41                 ♦ . 11.05 
. 20.00                • . 12.83 
•  21.59           * 13.84 • 
23.98   •              • . 15.75 
25.91          • 17.35 
27.90     ' 19.30 
30.57           •        ■  . • 21.97 
34.4.3         • • 26.29 
36.13                   . 31.37 
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TABLE 9 
• , MINIMUM FLUIDIZATION VELOCITY (U f) * ' 
MEASUREMENT USING THE PERFORATED PLATE" 
' ' '   STEEL DISTRIBUTOR 
d = 4304yum, puffed millet. 
L
mf = ?6,2j'5 cm« 
Gauge Pressure Inside the 
UQ (cm/sec) Plenum Box (cm.HpO) 
4.54 •   '2.29 
6.02 3.30 
7.78 4.19 
8.92 5.08 
10.23                    - 6.10 
10.68 6.60 ' 
11.59 8.00 
12.39, ' 8.26' 
13.18 9.27 
14.32 9.65 
15.^5                    '    • 10.72 
16.13                                                   •         11.81 
17.38 12.45 
17.73 13.08 
18.58    • 13.34 
19.71                         ■   -.      .     • 14.86 
20.17 14.73 
20.91 15.49 
21.47 16.00 
21.76   '■              *■    • 16.08 
23.75   -                                                 •       17.65 
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• TABLE, 10 
' BUBBLE SHAPE ANALYSIS RESULTS 
FOR- SMALL PARTICLES       ■ .- . 
(d_ =<264 u'm,. glass) . 
^=0.006 Di ♦ 1.076 ( By Least Squares Curve Fit) 
^i avg11*1^ ^3 Bubbles Counted) 
Atfi = i 0.13 
Observed Bubble Eruption 
Diameter, _D. (cm .) 
3.76 
6.35 
7.84 
8.13 
8.28 
8.35 
8.41 
8.78 
8.89 
8.96 
9.02 
9.05 
9*13 
9.3^ 
9.40 
• 9.68 
9.71   ' 
10.23 
10.51 <» 
10.67 
IO.99 
U.59 
11.97 
12.09 
12.70 
13.21 
0.{ z D./D   v 
*iv       1'   e) 
1.04-5 
1.049. 
1.185 
1.075 
1.122 
1.217 
1.176 
.   1.218 
.1.110 
.     1.112; 
1.212; 
1.225 
1.087 
1.092 
1.168     - 
V-1.108 
- •     1.115 • 
1.024 
1.190. 
1.043 
1.134. 
1.132 
.' I.I69 
1.212 
1.115 ■     1.222 
•1.071 
1.173 
-71- 
.  TABLE 10 (CONTINUED) 
Observed Bubble Eruption 
Diameter, D. .(ciil ) 
13.26 
14.22 
14.65 
15.16 
16.00 
16.84 
17.03- 
17.57 
19.05 
21.08 
21.35 
21.62 
26.67 
29.72- 
32.66 
*i<5W 
1.265 
1.120 
1.184 
1.172 
1.076 
1.166 
1.111 
1.076 
1.238 
1.234 
1.129 
1.226 
1.281 
1.267. ■   1.281 
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TABLE 11 
BUBBLE SHAPE ANALYSIS RESULTS 
FOR LARGE PARTICLES 
(d = 4304yum, puffed millet) 
jZ^-0.0014 Di *1.2233 (By Least Squares Curve Fit) 
^i avg s 1'.zfr5- (32-Bubbles Counted)        . • 
a4#jr-*ev±i- ---.-. ...... ^«-^ .:■■.:.■■.--■■■■■'   --■■•-■  -  -■- 
. Observed Bubble Eruption 
• ' Diameter, D. (cm) 
5.26 
5-34. • 
. 5.89 
7.27 
. 7.71 
8.65 
8.?4 
9-57 
10.58 
10.68 . • 
10.86 
12.07 • 
12.86 
13.48 
13.80 
14.67 
15.16 
16 ."15 
16.59 
16.93 
17.19 
19.1-3 
20.69 
21.82 
-• 22.19 
22.53 
J23.28 ' 
23.^5 
-,   . 
•25.40 ■25.60. 
28.48 
36.20 
_i----*-7^V..   V 
*i<'5 VV 
1.231 
•1.250 
1.226 
■1.267. 
1.237 
1.215 
1.241 
1.249 
1.-323. ■1.134 
1.195 
1.272 
I.258 
1.216 
1.227 
"1.152 
•1.201 
1.255 
1.277 
1.235 
1.299 
1.308 
1.208 
1.222 
1.241 
1.342 
1.'312 
1.276 
1.313 
"1.153 
' r.250 
1.263 
-73- 
4 
-N3 
■ .TABLE  12 
.   • '■■zQzrz^. ™  -   _-..    .    . ., _ .„_; , 
• 
BED EXPANSION MEASUREMENTS 
-. FOR  SMALL  PARTICLES 
(d   = P 264 urn,  glass) • 
* 
* L 
. 
Lmf • 
U -U   „ 
o'   mf 
• o.7iii^r-umf. . •    •' 
L   „ u -u    '• Measured Predicted Me as Tired Predicted 
mf 0    mf 
L '    L 
^mf •. 
AL/V. 
(cm) (cm/sec) (cm)'"* •(.cm)'.      *    . 
• • ■ •'    '•. 
15.24 •   0.28 15,56 15-41. 0.021 0.011 
15.24 ■  1.53      • 15^72 15.97'    ' 0.031 0'.o48 . 
•15.24 2.39 16.08 16.29 .0.055 0.069 
•15.24 .     3.52 16.28 16.67 0.068     •■ 0.094 
15.24 4.94 16.59 17.09 0.0 89 0.121 
15.24 8.01 17.00 .    17.85   ' 0.115 ' 0.171 
15-24 11.36 17.75 18.58 0.165 0.219 
17.78. 8.52 20.57 20.66 ' 0.157 0.162 
1? .78 11.'36 
1.42 
21.34 •     21.25    . 0.200 . 0.195- 
20.32 21.34 21.12 ' 0.050 . .0.039 
20.32 2.39 •21.84 ■      2U56 Q.075 ' 0.061 
20.32 .3.58-.  •'• 22.10 .   22.01 - 6-..088   . 0.083 
20.32 5.00 22 .'35 22.48 0.100 0.106   • 
20.32 8.52 22.35 23.45     • .0.100 0.154 ' 
22.86 ' 0..57 • 23.11 23.15 •0.011 0.014 
TABLE  12   (CONTINUED) 
I 
-o 
i 
:
 V. V^mf Measured Predicted Measured Predicted 
'    h- •    L 
"   
AL/Lmf''. A!Anf 
(cm)     • (cm/sec) (cm)   '    _ (cm) - 
22.86 5.68 24.89 •25.40 0.089' .      '0.111 
22.86 11.36 25.80 •26.92   . 0.129 0.178     ■ 
24.13 •1.42 24.89 ' 25.03 0.032    ' 
0.042 
0.037 
o.o46 24.13 .    1.87 25.15 25.25 
24.13 2.44 25.40 25.53 0.053 0.058 
24.13 .    3.81 
4.20 
25.65 26.09 
26.24 
0.063 ,    0.081 
•24.13 25.91 0.074 0.088 
24.13 5.. 17 .26.42 26.59 0.095 0.102 
25.40 
-•'■•■-   0.57 25.65 25.81 0.010 0.016 
25.40 2.44 26.42 26.84 0.040 0.057 
25.40 3% 69 27.18- 27.38 ■ ' '     0.070 • -0.078 
25r40 5.68 27.69   v -28.11 0.090 0.107 ■25.40 11.36 28.45 29.73 . 0.120- 0.170 
27.94 1.87 28.79 ■29.16 0.030 ' 0.044    ■ 
2?.94 2.39 28.70- 29.43 0.027-    ■ b.0.53 
2?.94 ' 3.69. 29.31 . 30.04 0.049 
o.o64 0.075 2?,94 
30.48 
5.06 29.72 .-.30.58' 0.095 ■   2.44 32.26 32.0? 0.058 0.052 
30.48 3.69 32.51   • ,     32.69 0.06?- 0..073  ■ 
30.48 5-68 32t97 33.51 ' -0.082" 0.100 30.48 11.36 .34.64 35.32'   • 0.136 0.159 : 
o.o4i ■32.51 I.87 33.15 33.8.5 
34.38 
0.020   • 
32.51 2.84 •■ 33.53 0.031 0.058 
32,j51 .3.69 34.04 34.80 0.04? 0.07! 
32.51 5.17 34.80 35.46     ■ •"■'      0.070 0.091 
32.51 5.40. .. 35.05  ' 35.55 0.078 O.094 
35-56 • 0.5? -     36.58 36.05 0..029 0.014 
- 
TABLE 12 ( CONTINUED) 
Lmf 0    mi Measured .Predicted 
Measured 
L L AL/Lmf (cm) 
35.56- 
(cm/se c) (cm) (cm) 
* 2.44 37.3^ 37.31 0.050 
35.56 5.68 37.95 
39.42 
38.87- 
• 40.85 
. '   .0.067 
■35.56' 11.36 0.109 
.■"   36.07 1.87 37.59:-    • * 37.48 .   0.042 
36.07 2.50     ' 37-85 37.86 0.049 
36.07 •3.69 38.10 38.27 0.056 
36.07 ' 5.06 39.12 39.14 0.085 
36.07 - 5-68 39.62    . 39-41 '     O.O99 
1 
^3 
ON 
1    •■ 5 
Predicted 
AL/Lmf 
0.049 
0.093 
0-.W9 
0.039 
0.050 
0.067 
0.085 
0.093 
.TABLE 13 
BED EXPANSION MEASUREMENTS 
FOR LARGE PARTICLES, 
(d =4304 urn,  puffed millet) 
• Lmb "    . 
VUmb       ' 
0.71VID; *2Umb 
L , u -u , 
X 
Measured •   Predicted ' Measured Predicted 
•    mb 0    mb 
L L AlAnb      ' '■      AlAnb 
1 
SI 
S} • 1   ■* 
■(cm) 
20.07 
(cm/sec) (cm) (cm) ' 
5.69 20.82 '21.36 0.037 o'.064 
20.07 7 ".57 •     21.59 21.7^ O.O.76 0*083 
20.07  ■ 8.36 22.10 21.89   ■ 0.101 . •0.09I 
20.07- 11.9^ 22,86 22.55 0.139 0.124 
40 :64 
.5.69 ' 41.89 •4.2.91 0.031 0.056 
40.64 '    7.57    ' 42.42 ^3.56 0.044 0.072 ■ 40.64 11.94    ■ ^5.72 44.94 0.125 0.106 
59.69   ' 5.69 61.60 62.69     • 0.032 0.050 
59.69 7-57 62.23 63.57 ■0.043    ' . 
0.064 . 
0-.065 
59.69- 8.36   . 63.50 -    63.91 
'65.42 
0.071 
59.69 • 11.94  • 65.28 0.094     . '  O.096 ' 
78.11 5.69 82.00 81.71   ' 0.050 "     .0.046 
78.11 7-57 84.20 82.73 0.078 0.059'' 0.064 * 78.11 8.36 .    85.20 83.12 O.09I 
•   78.il 11.49' 88,01 •86.98 0.127 0.114 
TABLE 14 
BUBBLE DIAMETERS, 
THEORETICAL AND EXPERIMENTAL 
(d = 264 urn,  glass) 
Mori and Wen [29] 
D =0.652[ABED(UQMJmf)] 2/5 ) l-exp(^f^ ) \ +exp(^M)De0 
r 
ABED JE5® 7V 
I 
00 
I 
Run ' 
Number 
Predicted 
• ' D 
e. 
(cm)' 
Measured 
Di, ' 
(cm) 
Predicted' 
Di= 1.15^D6 
(cm) 
.Predicted 
D, =1.280Dp Q     • e 
. ' •(cm) 
Predicted 
Dj_ = (A*BDi)D( 
(cm) 
1 
2 
'1 
7 
11 
12 
13 
16 
17 
18 
I .49 • ;98 
6.06 
3.47 
5.27 
5.67 
7.80 
8.62 
5.74 
7.42 
4.82 
4.79 
5.97; 
'8.28 
6. Ml 
8.97 
7.77 
. 9-25 
.8.91 
7.36 
9.71- 
8.82 
4.03 
5.75 
7.00 
4.01 
6.09 
6.55 
9.01 
9-95' 
6.6J 
8.57 
5.56 
4.48 
6.38 
7.77 
4.45 
6.76 
7.27 
10.00 
11.05 
7.36' ■ 
9.51 
6.18 
3.81 
5^7 
6.77 
3.83 
5.91 
6.31 
8.77 
9.66 
6.37 
8.36 
5.40 
■J% 
TABLE 1*+ (CONTINUED) 
. Run 
Numbed 
Predicted 
De 
(cm) 
Measured 
Di 
(cm) 
' Predicted 
D. r 1.154Dp 
• (cm) 
Predicted 
D. =1.1280Do 
(cm) 
Predicted 
D± =(A*BPi)D6 
(cm) 
i 
I 
19 
29. 
30 
32 
33 
3^' 
35 
36 
37 
7.11 
6..61 
8.86 
6.28 
• 7.78 
7.72 
-11.04 
8.64 
11.54 
11.88 
9-92 
13.37 
8.64 
10.55 
9.20 
13.15 
13.62 
17.14 
8.21 
7.43 
10.23 
7.-25 
8.98 
8.91 
12.75 
9-97 
13.32 
9.11 
8.47 
.11.36 
8.05 
9-97. 
9.90 
14.16 
11.08 
14.80 
.8.13 
7.46 
10.23 
7.03 
8.82 
8.67 ■12.73 
9-99 
13.6-5 
TABLE 15 
1 
CO 
o 
I 
• Run 
Number 
■3 
6 
7 
11 
12 
13 
16- 
17 
18 
19 
29 
30 
32 
33 
• BUBBLE DIAMETERSK 
THEORETICAL AND EXPERIMENTAL 
(d = 26*4-yum, glass) 
Darton et.al. [8] 
I 
Predicted 
- V 
(cm) 
3-33. 
4.71 
5.71 
.24 
.88 
5.12 
6.99 
7.69 
4.87 
6.51 
4,22 
6.20 
5.58 
1M 
5.29 
6.5& 
n 4 , 1 rr \0.8 / 0.2 
-_o.5Mu0-umf)0-"- (L.^0)  /g 
Measured   Predicted   Predicted 
Di 
(cm) 
4.79 
5-97 
8.28 
6.44 
8.97 
7.77 
9.25 
8.91 
7.36 
9.71 
8.82 
11.88 
9-92 
13.37 
8.64 
10. §5 
Di = I.l5^De 
(cm) 
3.84 
6.59 
3-73 
5.63 
5.91 
8.07 
8.88 
5.62. 
7.51 
.4.87 
7.16 
6.44 
8.60 
6.11 
7.55 
D. =1.280De 
(cm) 
4.26 
'6.04 
7.32 
.4.15 
6.26. 
6.57 
8.96 
9.86 
6.25 
8.34 
5.41 
7.95 
7.15 
•9.56 
6.78 
8.39 
Predicted 
Dj_ = (A^Di)D£ 
(cm) 
3.81 
5.50 
6.91 
3.81 
5.98 
6.16 
8.60 
. 9.41 
5.82 
8.06 
5.16 
7-9^ 
6.93 
9*75. 
6.45' 
8.21 
I 
I 
TABLE   1,5 (CONTINUED) 
Predicted      Measured.      Predicted   '   'predicted       .Predicted 
Run        " De •       D. .   Di=1.15toe     D.=1.280De       Dl = (A*BD.)D? 
(cm) (cm) (cm) (cm) (cm)_ Number 
34 6.36- .9.20 • .  7.3^ '              8.15 ■>        •    -7.81 
35 9.0? 13.15 10.^7 U-63 11.. 83 
36 ■       ? 05 13.62 •    8.13 9-03 9-25 
5.7 9 So ■■'    17.1^ '      10.85 •   . 12,05 .               12.97 
I 
CD 
ro 
i 
" *,-%-^.-- >»**,  ■      :.r-w ■~. .. ,   -            TABLE  1.6   •   . 
BUBBLE  DIAMETERS., 
•~ 
THEORETICAL AND EXPERIMENTAL 
V 
_ 
(d    r 264 yum 
Kato and 
i," glass) 
Wen [21] 
D   r 1.4/) d    rr-5- L*Doft 
• 
e
            ' P P umf           eo 
Predicted Measured " '  Predicted        Predicted ' Predicted 
Run De Di          -Di =1.154D       D. r1.1280D^ Di= (A*BDi)De 
Number (cm) (cm) (cm)                    (cm) (cm.) 
1 3-86 4.79 4.45                   4.94- •     4.26 
2 5.70 .     5.97 6.58                   7-29 6.34 
3 7.44 .     •   8,28 8.58                  9.52 8.38 
6 3.9^ 6.44 .   4.55         ,        5.05 ^.39' , 
7 6.11 ■   8.97   • 7.05                  7.82 6.90 
11 6.55 '     -7.7.7 7.56           -•      8.38 ■ 7.35 
12 9.88 •     •    2-25 .• 11.40    '           12.65 11.18 
13 10.93 8.91 12.62   -            13.99 '     12.34 ■16    . .     6.50 • 7.36   ■   . 7-.50                 8.32 7.28     ' 
17 '   . 8.95 '    9-71   • 10.34               11.46 10.15 
. 18 5.68 8.82    . 6.55                 7.27    ' 6.41 . 
•■ 19. -8.50 11.88' ■  "   ' ■ 9.82               10.89 9.75 
.    29 7-97 9.92 9.20               10.20 9.05 
30 10.87 13.37 12.54               13.91 12.57 
32 7.64 ■•■      8.64 8,82                   9.78 8.62 
33 ■'   9.35 .10.55   • 10.79                 11.97 10.65 
V 
TABLE 16 (CONTINUED)" ^t.rvr*'n 
* 
Pr&dicted .Measured . Predicted Predicte-d Predicted 
Run 
Number 
•     
De. 
(cm) 
Di 
(cm) 
D.: :1.15^De 
(cm) 
D. =1.1280D- 1                     e 
(cm) 
pi= (A*BDi)De 
■ (cm) 
-      34- 
35 
36 
37 
9-70 
13.82 
.    11. lit 
1^.81 
9.20 
13.15. 
13.62 
17.1^ 
11.20 
15.95 
'12.86 
17.09 
1 
12.^2 
17.69 
lb. 26 
18.95 
10.97 \ 
15.96 
12.90     • 
17.^6 
1 
CO 
1 
' '   TABLE- 17 
. BUBBLE DIAMETERS,- 
THEORETICAL AND EXPERIMENTAL 
• Kato and Wen [21] . 
1
                    TT 
>• 
De = "'pSifc^eo . .. • 
• L
mf • W    *>e • 'Measured 
D. 
1 
• Predicted 
1
  D.=1.245D ' 
1    • e 
1 
00 
Run Number (cm) 
20.00 
(cm/sec)  (cm).. (cm) (cm)- 
41 11.69  .  5.72 5.25 • 7.12 ■    .  42 20.00 13.57    6.35 8.00 ■  7.90 
'  ■ kk 
20.00 14..36*   6.62 9*81 8.23 
20.00 1-7.94.   7.56 10.85 ' 9-41 
45 40.00 II.69    8.97 9.13 11.17 
46 40.00 
.13.57    9.91 . 11,00 12.34 
47 40.00 17.94   12.15 15.46 .  15.13 ' 
48 58.30 II.69   12.25 15.44  ■ 15.26  • 
49 58.30 13.57   13.30 18.01 16.56 
. '■   50 58.30 14.36   13.92 • 21.21 . 17.. 33 
• 51   ' 58.30 
76.45 
17.94   16.08 20.64 . 20.02 
52  • II.69   15.77 ' 20.32 19.64 
■%■ 
76.45 13.57   17.^3 
14.36   18.27 
22.20 21.70 
76.45 .25.32 22.75 . 
25.74 55 . -76.45 17.94  • 20.67 26.31 
TABLE   18 
BUBBLE  VELOCITY,   U^. 
(d z 26k jura.,  glass) 
•15-00<Lf< 7^.93 cm. 
1 
CD 
I 
• Measured Excess- Air  _ • Measured 0.71lVgD^ 
Vs W' Velocity '"    V( VVf) 
■   VUmf ' 
(cm)  '    • (cm/sec) (cm/sec) (cm/sec) 
4.91- 
6.47 
3.98 62.27 4-9.34 
5.79 72.26 56.63 
6.72 6.61 80.60 57.72" 
7..62 11.53 .73.00 61.46 
7.85 2.51 ' 84,44 62.38 64.49 8.39 8.75   . 67.25. 
12.91 .    2.51 85.02 80.00 
20.99 '6.20 . 91.50 
96.^5 
* 102.01 
25.62 13.35 112.70 
-«s 
I 
CO 
ON 
I 
TABLE   19    .,     ' 
BUBBLE  VELOqiTY,   U^ 
(d   = 4304 am.,  puffed millet) 
' 20.00 <Lmf<76.45 cm. 
Measured Excess Air Measured   ' .0.711l/gD~ 
D^ED^) Velocity V< VW c 
U„-Um-u 0    o 
(cm)    . (cm/sec) (cm/sec) (cm/sec) 
4.23 5.69 ■ 33. ,06    ■ 45. :?r 5.40 . 5.69 ■ 71. ,08 51. 
7.64 8.36 75, .02 ■' ' 61. .54. 
8.42 7.51 ' '     63, .40 64, .61 
13.76- 7.57 70, .76   . 82, .59 
19.54- ~ 11.49  . 113, .51 .98. .42 
I 
CO 
-o 
I 
Run Number 
2 
3 
4 
I 
7 
8 
9 
10 
n 
12 
12 
15 
16 
17 
N = 
TABLE 20 
BUBBLE COUNT, N 
■    (d = 264 urn., gLass) 
7r^D2(o.7ii^D;.u0-umf) 
De 
Predicted 
(cm) 
'%-! 
3.86 39.66 
5.70 30.56 
7.44 .'22.96" 
9.32 17.27 
11.26 13.32 
3.9^ ' .  28.89 
6.11 23.21 
7.91 17.86 
10.20 13.08 
12.38 IO.05. 
6.55 17.34 
. 11.4-2' 9.88 
10;?3 
12.4-7 
10.08 
8.4-9 
14.39 . 7".98 • 
6.50 12.56 
8.95 9.94- 
Predicted. ...  Measured . 
Nexp  ' ®0-± = 1.154. 
29.76 33.73 
22.93 25-94 
17.24 18.61 
12.96 14.03 
10V00 ■ '  10.45 
21.68 23.67-. 
17.42 21.33 
13.41 15.55. 
. 9.81 12.50 
7.54  •' • •  9.16 
14.53- 13.02 ' 
8.57 9-75 
. 7.57 8.68 
6.37 7.12 
. 5.24 ' . 5.40 
9.42  • ' "9.35 
7.46 7.90 
TABLE 20 (CONTINUED) 
i 
CO 
CO 
1 
' ' 
D 
e 
Predicted Predicted Measured 
Run Number (cm) 
5.68 
V-i' . N0i= 1.15^ Nexp 
18 11.46 8.60 •  . •■ ■  .9-52 
19 8.50 9.61 • 7.21- '8.40. • 
20 • 11.60 7.0-3 5.28 • 5.72 
21 
22 
13.41 • 
14.92 • 
5.91  : ■ 5.15 
4.43 
3.87 
4.85 
4.16 
•23 . I6.69 • 4.43 ■ 3.33 3.50 
.24 18.22 3.93 . . 2.95 3.15 
25 8.35 ■6.68 . •5.01 5.13 
26 10.61 5.71  ' ' 
4.80 
^.29 • 4.83 
27 »  . 12.73 
15.64 
3.60 4.01 
28 . 3.80 . 2.85 3.24 
29 
-  30 
• 7.97 
10.87 
5.62 
4.89 
•  • 4.21 
3.67  • 
"!5.52 
4.29. 
31 15.21 3.53 2.65 . 3.32 
32  • 7.64 5.40 4:05 5.50 ■ 4.90 33 9.35 5.23 3.93 
• 34 . 9.70 . •2.96 2.22 2.50 
- 35 . 13.82 • 2.94 1.98 2.31 
• 36 11.14 •2.09 1.57 1.7^ 
37 14.81 1.96 1.47 2.10 
38 11.64 1.89- 1.42 1.65 ' 
. 39 •14.74 1.82 .' ■' 1.37  , 1.70 
• 40 19.52 ' • ' 1.47 1.11 l.4o 
■■ ,   . 
TABLE   21 
BUBBLE  COUNT, N 
(d   =^304 Mm,  puffed millet) 
• 
,.._.             *.WV< w 
* 
1J 7T0J D^(0.711^ >Uo+Um^ "* 
, Predicted Predicted Measured 
Run Number 
.'■      De 
.    %=.i:o NJ^. = 1.245 . •   ' Nexp 
CO                   41 5.72 13.55 8.7^ 12.65 
?         " 42    '       - 6.35 13.92 '     8.98 ■  13.70 
43 6.6Z 13.87 8.95 13.72 
..   44 7.56 14.14 9.122 •     13.03 
^5 8.97 4.82 3.H 4.11    - 
46 9*91 v   •        5.01- 3.23 ^.75 . 
47 12.15 ^.75  . 
2.34 
3.07 ^.53    ' 
48 ■   12.25 1.51. 2.30 
49 13.30 . 2..53 1.632 2.45 
50 13.92 .  2.50 
2.48 
1.612 . 2.48' . 
51    '    .. 16.08 1.602 2.40 
52 15.77 
•     17.^3 
1.30 0.837 1.28 
54 
1.3^6 O.869 
0.854 
1.29 
18.27 1.324   • 1.21 
55      .    ' 20.67 1.333   ■ . 0.860   * ' 1.13 
TABLE   22  . 
BUBBLE  FRACTION,& 
(d    = 26410. , -glass) 
D: 
». N •  -5- d2, T-Mderived) exp 
De     ■ .    .     *V 
' Wn Number (cm) 
■  \ 1   ' 3.86 •0.9^9 
1 5.70 O.996 o 
o 7.^ .    I.029' 
1 
.   4\ 9'. 32 1.024 
5 \ 6 ' • \' 
'     11.26 1.052 
3.9^ 0.917 
7            X 
8 
' 6.11 0.913 
\    7-91 0.97-7 
• 9      .        ' 
10 
^0£.20 0.929 
0.96^' 12V38 
11         • •6.55 0.945 
12 9.88 '0.9^7 
ik 
10.93 
12.47 
0.967 
1.015 
15 14.39 • - 1.051 
. 16 6.50 ■ 0.902 
17-      •' 
'18 
8.95 •     0.917 
5.68 0.904 
• 19 8.50 0.887 
Measured 
N, 
Derived 
6 
0.062 
0.114 
0.149 
0.174 
0.200 
0.042 
0.091 
0.127 
0.153 
0.178 
0.076 
0.116 
0.132 
0.156 
0.168 
0.044 
0.073 
0.03^ 
0.061'* 
TABLE 22(CONTINUED) ■© * 
i 
I 
De 
Run Number (cm) 
2CT 11.60 
21 13.41 
22 14.92 
23 16.69 
24 18.22 
25 "    8.35 
26 10.61 
27 12.73 
28 15.64 
29 7.97 
.30. •        .      ■■•   .10.87 
31 15.21 
32 7.64 
33 •  9-35 
34 9.70 
35 . 13.82 
36 .      11.14 
'37 14'. 81 
38 11.64 
9 14:74 
fP ' 19.52 I 
■*f   • ,Measured 
N 
exp 
0.921 5.72 
4.85 0.937 
0.935 -4.16 
0.982 3'.50 
0.995 . 3.15 
0.937 5.13 
4.83 0.919 
0.955 4,01 • 
0.982 3.24 
. 0.826 5.52 
0.880' 4.29 
0.893 3.32    . 
0,831 5.50 ■ 
0.866 4.90     , 
0.911   .,, ,^'\   2.50 
0.912 2.31  • 
0.839'- 1.74 
0.773 2.10 
0.831 1.65 
.  0.838 1.70 
. 0.8?0 1.40   *■ 
Derived 
& 
0.08Q 
0.104 
0.110   . 
0.128 
0.141 
0.043 
0.063 
0.081 
0.104. 
0.033- 
0.054 
0.084   ' 
0.030 
0.044 
0.027 
0.050 
0.021 
O.038 
0.021 
0.035 
0.055 
TABLE    23 
.    BUBBLE  FRACTION,- $ 
(d   = .4304 ^jm, puffed, millet) 
5 = 7f 
D* 
A   X ABED exp 
Run Number 
4i '    . 
42      . 
1 
.        '   ^3      ■■• 
t\3 .   44 
1 
^5 
46 
47    • 
.    48 
49 
50 • 
51 
52 
53    • 54   • 
' 55 
h 
0.604 
O.586 
0.582 
0.600 
0.637 
0.592 
O.607 
6.6"08 
0.578 
o.5?7 
0.597 
0.593 
0.592 
0.613 
0.632 
De 
(ciff) 
5.72 
6.35 
6.62 
7.56 
• 8.97 
9.91 
12.15 
12.25 
13.30 
13,92' 
16.08 
15.77 
17.43 
18.26 
20.67 
Measured 
exp 
• 12.65' 
13.70- 
13.72 
13.03 ■ 4.11 
4.75 
• .4.53 
• 2.30 
2.35 . 
.2.48 , ■2.40 
1.28 
• I.29 
1.21 
1.13 
Derived 
0.021 
0.062 
0..028 
0.037 
0.018 
0.022 
0.034 
O.OI7 
0.020 
0.022 
0.030 
0.015 
0.019 
0.021 
0.026 
TABLE- 23 
r \o 
I 
Run Number 
41 
irz 
43 
44 
45 
46 
4? 
48 
49 
50 
• 51 
' 52 
53 
•54 
55 
BUBBLE FRACTION, 6 
(a =4304 urn, puffed millet) 
<        o 
D &
-f • X ABED exp. •(derived) 
De ■ . Measured 
If. (cm) Nexp 
0.604 5.72 12.65 
O.586 6.35 13.7'0 
0.582 6.62 13.72 • 
0.600 7.56 .13.03 
0.63.7 8.97 4.11 . 
0.592 9.91 ^.75 
0.607 • 12.15 4.53 
1
 0.608 12.25 ,. . 2.30 
0.578. . • 13.30 2.35 • 
2.48 0.577 .■ 13.92 
0.597 16.08 '  2.40 
0.593 15.77 1.28 
0.592 '■ • .17.^3 1.29 
0 .'613 18.26 •   1.21'' 
0.632 20.67 1.13- 
Derived 
0.021 
O.O62 
0.028 
0.037 
0.018 
0.022 
0.034 
0.017 
0.020 
0.022 
0.030 
0.015 
0.019 
0.021 
0.026' 
...   TABLE '24 
BUBBLE FREQUENCY RESULTS 
(d = 264 jim,  glass) 
• w^-6) - 
. 
n//ABED 
—                . (D„.from Kato&Wen) x
 e 
, 
- • ^D3 
6. e 
Predicted Measured" 
o mf V ■ ■ n'ABED ,(n/ABED)exp 
1 
Run number (cm/sec) (cm) (cm" sec~ ) (cm- see" ) 
I 1- 3.33. 15.00 0.1259'. 0.0965 
• 2 7.43, ■.  15.00 • 0.0846 0.0712 
I 11:53 ' •• 15.00' 0.0581 0.0405 O.0498 0.0345 . 16.02 15.00: 
5 .   20.62 . 15.00 . 0.0294 0.0255  . 
6 ■• .' 2.51 18.54 . . 0.0892 0.0615 
7 6.61 •  18.54 .. 0.0610 0.0467 
8- 10.23 18.54 0.0429 0.0356 
.9 14.89 18.54 0.0287 0.0237 
10 19.32. 18.54 0..0206 • 0.0175 
11 '. 5.79 22.86 &.0433 ' 
0.0245 
• 0.0324 . 
12 11.53 . 22.86 0.0188 , 
.13    ■ .13.35 22.86 0.0209 . 0.0168 
14 16.02 22.86 0.0168 . 0.0145 - 
' 15 19.32 22.86'  . 0.0131 0.0112 
16 • 3.98 29.21 0.0306 ' 0.0185 
TABLE   24(C0HT-INUED) 
r 
Predicted Measured 
VUmf. Lmf •     ' ■    n//ABED   • ^Wexp  ■' 
Run Number (cm/sec) (cm) (cm"    sec"  ) (cm~    sec     ) 
1?  • '    7.43 29.21 0.0214 0.0143 
18 2.51 31.24 0.0292 'O.OI98 
0.6l44 '19 6.20 31.24 0.0209 
20 10.40 •'31.24- 0.0136 0.0094 
21 12.84 '      31.24 . •0.01O8 O.OO78 
22 14.89 •31.24   : 'O.OO9I    • .-0.0064 
23 17.27      • 31.24 • 0.0075 0.0057 
24 19.32 31.24 0.0064 0.0051 
25 ' 3.98 
'    •.    6.42.. 
40.64 0.0142 O.OO96 
26; 40.64 .0.0111  • O.OO79 
2?. 8.75' 40.64 0.0087 ' 0.0066 
28 11.93 40.64 0.0063 0.0052. 
29 2.92 45.00 0.0121 0.0081 
30 5.79 45.00 0.0093 0.0063. 
.    • 0.0044 31. 10.17 45.00 0.0059 
'32 .        2.51* 45.72* 0.0118 0.0083 
33    . "4.15       • .45.72 0.0105 '             0.0074 
o.oo4o 3^ •2.51" 6O.96 ' D.0057 
35 .     5.68 60.96 0.0044 • 0.0032 
■36 •      -2.51 71.63 • 0,0037 .  .0.0022 
3?   ■ 4.97 71.63 O.063I 0.0020 
38 2.51      • 74.93 0.0033 0.0020 
•   39 .4.55. 74.93   ". 0.0029 0.0019 
40 7.67 74.93 0.0021    ' •   Q.001'5 
TABIE 25       « 
BUBBLE FREQUENCY RESULTS 
(d = 4304. jam", puffed millet). 
n/Aw BED 
u.-u.(i-5)-35u 
%* 
mb 
• Predicted Measured 
Vumb. hat- n/ABED (^BED^exp 
1 
-3 
Run Number (cm/sec) ■  v (cm) 2     1 (cm  sec" ) (cm~ sec" ) 
1 41 
-.5.69 20.00 0.0365 0.0124 ■     -kz ■ 
.  7.57 20.00 0.0362 0.0123 : 
43 .  8.36 20.00 .  0.0358' • 0.0120 
44 11:94 20.00 0.0357 0.0118 ■  45 • '5.69 40.00- 0.0101 0.0035 
46 7.57 '40.00  " 0.0102' O.OO34. 
•  4?: 11 .-94 • 40.00 O.OjOQl 
0.0042 
0.0032 
48 
-.58*30 58.30 0.00151 
49 7.57 58.30. 0.0044 ' • 0.00142 
.50 8.36 58.30 0.0043 0.00141 
51 II.94 58.30 0.0041 0.00140 
52 5.69 76,45 0.00201 0.00070 
'53 7.57 76.45 0.00202 .0.00068 
54 8.36 76.45 O.OOI96 0.00067 . 
" 55'     • . 11.49 76.45 . 0.00189 0.00064 
TABLE 26 
VISIBLE BUBBLE  FLOW,   QBABED 
(d   =264yj.mr glass) 
VABED = ^ABE-D^xp "TT De 
De ^^BED^xp' QB'ABED 
Run Number (cm) (cm- sec  ) (cm/sec) 
1 . 3.86 • O.O965 2.90^0 
2 5.7Q 0.0712 6.9041 
1     '3- 7 .44 '0.0*1-98 10.7390 
14.6240 ^0 .   ■ 4 9.32 0.0345 
T.         5 11.26 0.Q255 19.0614 6 3.9V 0.0615 1.9695 
■   7  '• 6.11 0.0^67 5.5775 
8 . 7.91 . 0.0356 9.2253 
9 10.20 0.0237 13.1689 
10 12.38 0.0175 
0.0324 
17.3860 
4.7673 11 6.55 
12 9.88 0.0188 • 9.^935 
13 • 10.93 
12.47 
0.0168 11.4860 
14 0.0145 14.7220 
17.4743 15 * 14.39 , -0.0112 
1-6 6.50  . 0.0185 2.6602 
17  ' 8.95 0.-0143 5.3679 
18- 5.68 0.0198 
0.0144 
1.8998 
19 . 8.50 ' 4.6304 
.20 11.60 0.0094. . 7.6825 
QB/ABED 
0    mr 
0.8727 
O.9292 
0 .'9314 
0.912Q 
0.9244 
0.784? 
0.8438 
O.9OI8 
0.8844 
0.8999 
0.8234 
0^8234. 
0.8604 
•O.9IQO 
0.9045 
0.6684 
0.7225 
0.7569 
,0.7468 
0.7387 
I 
o 
-o 
I 
• 
."TABLE 26 (CONTINUED) Q
B/ABED 
(cm). 
(n/ABED)exp 
(cm  sec. ; 
Q
B/ABED 
(cm/sec) 
■( 
Run Number 
Uo-Umf 
21 13.^1 • 0.0078 9.8487 0.7670 
22 14.92 0.0.064 II.1298 0.7475 
•23 
2k 
16.69 0.0057 13.8753 0.8034 
18.22 0.0051 16.1516 O.8360 
25  • - • 8.35 O.OO96 2^264 . 0.7353 
26 10.61 0.0079 . 4.9405 0.7695 
0.8147 27- 12.73 0.0066- 7.1290 ■28 15.64 0.0052 • 10.4123 0.8731 
29 7.97- 0.0081 2.1471 0.7353 
' 30 10.87 O.OO63 4.2368 . . 0.7317 
31- . 15.21 ■ 0.0044 8.1066 0.7971 
32 7.64 O.OO83 1.9380 O.7721 
'33 9.35 0.0074 3.1671 O.7652 
" 3^1-  ' 9.70 ••  0.0040 • 1.9115 
4.4226 
O.7616 
35 ' • 13.82 0.0032 . O.7786 
36 . 11.14 0.0022 • 1.5925 
3.4017 
0..6345' 
37 • 14.81 0.0020 • 0.6844 
38 11.64 0.0020 ' 1.6515 . 0.6580 
•39. '  . 14.74 0.0019 3.1860 0.7002 
40 19.52 0.0015 ' 5.8416 . O.7616 
I 
TABLE 27. 
■    '' 
VISIBLE' BUBBLE  FLOW,   ( 3B/ABED 
(d   =4304jum,- puffed millet) 
' 
- 
QB/ABED = ^n/,ABED^exp 
JLD3 6   e 
■'       De   ' ^^BED^exp QB'ABED 
Run Number (cm)   • (cm      sec     ) (cm/sec) 
41   ■ 5.72 '.    ■             0.0124 1.2151 • 
42 6.35 0.0123 1.6490 
•     43. 6.62 0.0120     • '2.67OO 
44      •   . ' 7.56 0.0118 2.6700 
45 8.97 0.0035 1.3226 
46 9.91 0.0034 •I.7326 
.47 12.15 '   0.0032 •    3.0050 
48 12.25 0.00151' 1.4534 • 
49'' '    13.30 0.00142 1.7492 
50 13.92 0.00141 -       1.9913 
•  3.0478 51 16.08 0.00140 
»52 15.77 
17.43 
0.00070 1.4375 
1.8854 • 53   ' 0.00068 
54 18.27 • 0.00067 
0.00064 
■ 2.1394 
55 20.. 67 *   2.9594 
Q
B/ABED 
VUn* 
0.2136 
0.2178 
0.2181 
'     0 6 0.2236 
-00    ? 0 3       .  0.2324 
'       ■  0.2289 
0.2517 
0.2554 
0.2311 
0.2382 
0.2553 
0.2526 
•0.2491 
0.2559 
O.2576 
■ TABLE 28 
BUBBLE RISE VELOCITY AND BUBBLE SPEED RESULTS 
(d =' 26*4- urn, glass) 
. W 
,. " v
umf ■; b -v-r^y^e * ucTumf 
0- 
•   -
ub    *. 
- 
Run Number (cm/sec) 5 ,   VUf 
1 
o 1         • k7.07 0*081 3.31 o 
1 2 60.58 0.135 ^.27 
3 '"   72.2^ 0.173 •     ' 5.09 
h 8^.00 0.205' 5.91 
5 95.32 
46.72 
.   0.230 6.71 
• 6 .      0.061 
4*. 34 7 61.6** 0.118 
.      8 72.83 0.152 5.13 
9 85.98 ■ 0.185 6.05 
10 97.66 0.210 6.88 
11 62v.?6 0.101 hAZ 
12 '81.50 0.152 5.7^ 
13 86.96 0.16^ 6.12 
1** ■ 9^.65- . 0.180    . 6.66 
.15 103.78 0.197 7.3.1 4.28 16 60.?3 .0.072 
.   17 7^.05 0.109 5.21 
. 18 55.56 0.050 3.91 
TABLE  28 (CONTINUED) 
i 
O 
I 
u
* • 
Run Number (cm/sec) V 
19 .  71.13 
86.24 
0.095 
20 0.129 
21 94.36 0.145 
22 100.88 0.156 
23 108.24 0.168 
24 114.37 0.178 
25 68.32 0.064 
26 78.93 0.088 
2? 88.20. .0.106 
28 99.98 . 0.127 
29 65-78 0.049 
30 • 79.I8 0.079 
31 97.02 0.111 
32 . 64.0? 0.043 ■ 33 72.23 . 0.062 
3^ 71.87 0.038 
3.5 88.45 O.069 
. 36 76.83 - 0.035 
3? 90.64 0,059 
•  38 78.52 0.-035 
0.054 39 90.02 
40 106.02 0.076 
Vui 
5.01 
6.07 
6.64 
7.10 
7.62 
8.05 
4.81 
5.56 
. ' 6.21 
2 •       . 7.04 
4.63 
5.58 
•     6.83 
4.54 
.      5.09 
5.06 
-    6.23 
5.^1 
'6.38 
5.53 
6.34 
7.46 
'TABLE   29 
BUBBLE RISE VELOCITY AND BUBBLE  SPEED RESULTS 
(d   = 1+304yam, puffed millet) 
u„-um-h o    mb 
y
~
Ub*2Umv'  % 
-  u.(xxy&L 
*    
Ub 
Run Number (cm/sec) 6 
41 58.94' 0.060 
1 
l-J         " 42 68.38     • 0.077 
o ■ 
44 
.     65.65 0.083 1—' 
1 73.16- 0.110 
45 ?2.37 0.053 
46 77.66 0.067 
4? 89.55 0.096 
48 83.62-   ■ 0.048 
49 88.77   ' 0.061 
50     . 91.43 0.066 
51 101.22 0.088 
. 52 
.  ' 9^.11 0.044 
• 53 100.52 0.056 
54/ 103.53 0.060 
55 112.71 0.078 
e       o    nib 
ub/uj 
1.20 
1.30 
1.34 
1.49 
1.47 
1.58 
1.82 
1.70 
1.81 
1.86 
2.06 
1.91 
2.05. 
2.11 
2.29 
TABLE   30 
\ "' 
THROUGH-FLOW  COEFFICIENT,   m  .,  AND FLOW AREA  SHAPE  FACTOR,   0f 
(d   =264 urn,  glass) 
i 
0+     ' Run Number m 
1 , '2.210 
2 1.808 
•r* 1.937 
2.411 4 
■5 - 2.372 
6 3.257 
• 7 3.009 
8 2.396 
9 2.978 
10 ■ 2.912 
11 3.370- 
12 4.077 
13 3.484 
14 2.469 
15 2.930 
16 6.303' 
17  . 6.007 
18 4.141 
' 19 5.244 
20 6.370 
21 6.045 
22 6.999 
••■12 5.661 4.949 
25 • 5.330 
•26 £.061 
4.530 27 
28 3.557 ■29 5.168 
30 6.110 
31  v 5.347 
4.329 32' : 
33 4.946 
34 4.961 
5.426 35 
36 8.791 
37 '  8.356 
38 8.185 
39 
. 4o 
7.784 
6.841 
0.949 
0.996 
1.029 
1.024 
1.052 
0.917 
0.913 
0.977 
0.929 
0.964 
0.945 
Q.947 
0.967 
1.015 
1.051 
0.902 
0.917 
0.904 
0.887 
0.921 
0*937 
0.935 
O.982 
0.995 
0.937 
0.919 
0.955 
0.982 
0.-826 
0.880 
O.893 
0.831 
0.866 
0.911 
0;912 
O.839 
0.773 
0.831 
O.838 
O.87O 
-102- 
TABLE   31 •.-■.. 
THROUGH-FLOW COEFFICIENT,  m   ,  AND FLOW AREA SHAPE FACTOR,^ 
(d   = 4304 yam, puffed millet) 
Run Number m 
4i ■ ' 
.13.333 
42 13.992 
44 
14.377 
15.432 
45 . 14.578 
.  46 ■ 15.866 
47 16.128 
48     •  ■ ■ 14.850 
49 17.784 
50 17,615 
51 ' 17.780 
52 16.818 
53 18.220 
54 18.104 
55 19.460 
£ 
0.604 
0.586 
0.582 
0.600 
0.637 
.0.592 
0.607 
0.608 
0.578 
0.577 
0.597 
0.592 
0.592 
0.613 
0;632 
-10.3- 
TABLE 32 • 
BULGE AND WAKE ERUPTION HEIGHTS 
. 
. FOF I  SINGLE BUBBLES r 
• <V = 264 ^um , glass) 
• 
L
mf .W " Measured Measured Measured 
Run 
•
Di (H/D^BULGE (H/D^WAKE 
Num"ber (cm) (cm/sec) 
-* 
(cm) 
1 1 15.00 3.33 4.79 0.765 6.39^ 
I-1 2 15.00 7.43 . 5.97 0.?47 0.419 o 
. ' .3 i'5.oo 11.53 8.28 0.768 0.480. 1 6 18.54 2.51 ' 6'.44 0.656 0.4-13 
7 18.54 •6.61 8.97 0.810 0.416 
11 22.86 5.79 7-77 0.708 0.415. 
12 22.86 11.53" 9.25 0.877 0.597 
13 22.86 13.35 8.91 O.829 0.534 
16 29-. 21 3.98. 
7.43 
7.36 0.625 0.405 
17 29.21 9.71 0.659 • • 0.575 
18 31.24 2.51 8.82 0.803 ■ 0.484- 
19 • 31.24 • 6.20 11.88 ' 0.687 0.447 
29 45.00 ■ 2.92" 9.92 O.900 0.483 
30 45.00 • 5.79 13.37 I.009 0.614 
• 32 45.72 "2.51 . 8.64 0.618 * 0.434 
- £ 45.72 4.15 10.55 0.576 0.451 60.96 2.51 9.20 0.634 0.429 
• 35 60.96 '  5.68 13.15 0.764 0.573- 
36 • 71.63 2.51 13.62 0-.74-9 • 0.411 
- ■ 37 71.63 .  ^-.97 17.14 0.860 0.518 
TABLE  33 
DOUBLE BUBBLE  FREQUENCY' 
• (d   = 264 ura,  glass) 
i 
H. 
O 
I 
. ♦',  mf 0 mf 
Run.Number '.(cm) ' '(cm/sec) 
1 ■ 15.00 . 3.33 
• ■ ' 2 . 15.00 1M 
3 15.00 • 11.53 
6 ■ 18.54 2.51 
7  ' . 18,5^ 6.61 
11  • •• . 22.86 5.79 
12 22.86 11.53 
13 22.86 13.35 
16 •29.21 3-98 
.1? • 29.21 '• 7.43 
18 31 • 24 2.51 
19 31.24 6.20 
29 45.00 2.92 
30 45.00 5.79 
32 45.72 2.51 
33 - 45.72 4.15 
3'i 6O.96 •  .2.51 
35- ■ 6O.96 5.68 ■ 
. 36 71.63 2.51 
37 71.63 ' • ■*  4.97 
Di 
.(cm) 
4.79 
5.97 
8.28 
' 6.44 
8.97 
7.77 
9.25 
8.91 
"7.36 
.9.7.1 
8.82 
11.88 
9.92 
13.37 
8.64 
10.55 
9.20 
13.15 
13.62 
.17.1^ 
Double Bubbles 
% 
17.30 
15.38. 
25.00 
10.30 
21.20 
17.00 
18.46 
21.15 
15.00 
18.00 
7.70 
26.90 
3.80 
15 Ao 
3.00 
'8.00 
3-00 
14.00 
7.10 
13.50 
I 
M 
O 
ON 
I 
TABLE 3*+ 
HORIZONTAL'COALESCENCE OF BUBBLES 
(d =26^ urn, glass) • 
• • D. 
1 
Run Number (cm) 
6 6.^4 
7 8.97 
18 8.82 
19 11.88 
29 . 9.92 
30 13.37 
36 •13.62 
37 17.1^ 
a b     ' c d 
<H/DiW' ' !      ^iW ^Vwake ^Vwake'   '"' 
Horizontally Horizontally Horizontally Horizontally 
Coalesced Non-Coalesced .   Coalesced Non-Coalesced 
0.678 0.6^3 •    0.397 0.^23 
0.80*4- 0.818 0.391 0.4^7 
0.935 0.779      • 0.'^33 0.^93 
0.560. . 0.728 0.31^ . 0J\Q9      : 
r.226 0.855 0,367 O.i+99 
0.6^3 1.155 0.9^2 0.5H 
0.726 0.753 0.i|-37 O.U06 
0.73.6 0.906  ■ 0A06 0.559 ■ 
a ,0.853 'B    0.803 c    O.klZ    "       d"    0.495 
"    TABLE . 35 
s~ 
V RELATIVE ERRORS   IN N 
(d   =264/xm,  glass) 
AN    1 -2 A0f j ! , 1    ■ VAm-   j A0j.= i 0.155 
Am =  t 4.087 
Umf   =   5.691 
N    "| 1
     
}
     \*^V?mJ...     ■' cm/se c. 
-2 AM -umfAm 
T* 
1 0*327 
2 0.311 
3 0.301 
4 0.303 
5 0.295 
6 0,338 
7 0.340 
■8 0.317 
9 0.337 
10 0.322 
11 0.328 
12 0.327 
13 0.321 
14 • 0.305 
15 0.2Q5 
16 0.3W 
17 0.338 
18 0.343 
19 0.349 
20 0.337 
21 O.33I 
22 0.332 
23 0.316 
24 0.312 
25 0.331 
26 .0.337* 
27 0.325 
28 0.316 
29 0.375 
Run Number       "     l^f U^ f(m-l)U f • AN/N 
0.430 0.757 
0.356 0.667 
0.299 0.600 
0.252 0.555 
0.225 0.520 
0.390 0.728 
0.318 .  0.658 
0.287 - 0.604 
0.239 • 
0.2l4 
0.576 
0.536 
0.305 0.633 
0.235 . O.562 
0.230 0.551 
0.225 0.530 
0.202 O.497 
0.256 0.600 
0.227 0.565 
0.316 0.659 
0.244 0.593 
0.199 0.536 
O.I89 0.520 
0.172 0.504 
0.488 0.172'   • 
0.170 0.482 
0.250 0.581 
0.226 O.563 
0.214 0.539 
0.203 0.519 
0.26.0 0.635 
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TABLE 35 (CONTINUED) 
\-2A0f.\ i     "UmfAra      I 
AN/N Run Number \                                                   / 
I' '*f i. (ut*(m-l)Umfj 
-      0.215 30 0.352 
0.35-7   • 
0.567 
31 '       *    - 0.191 0.538 
32 0.373 0.280 0.653 r • 0.358 0.3^0 0.2^-5 0.603 0.2^6 0.586 
35 0.35-0 •" 0.204 "   0.554 
36 0.369 
0.5-01 
0.192 0.561 
37 •   0.175. 0.585 
38 0.373 0.195 0.563 
. io 0.370 0.181 0.551 0.356 0.167 0.523 
-108- 
TABLE 36 
• RELATIVE ERRORS IN N 
(d = ^304 urn,  puffed millet) 
AN _, 
N   "K 
-2 A0f ) , ,        umbAm    . A0f 
Am 
= ±0.037 
)
 
+
 
(
   nb*(m-i)uBb> = i'3.171 
- 
. 
•     ■'■: 
■■<. 
Umb =  .17.60 cm/sec 
■| 
-2 Aj2ff (     )  -^mbArn       ( AN Run Number 1     ) Ub r (ra-^umb j N 
41 0.123 0.202 a*325 
42* • 0.126 0.191 0.317 
.43 
44 
0.127 0.175 0.302 
0.123 0.171 . 0.294 
.    45 0.116 0.179 0.295 
46 0.125 0.165 0.290 
. .      47 0.122 0.164 0.286 
48 0.122 O.I70 
0.145 
0.292 
49 0.128 0.273 
50 0.128 0.145 0.273 
51 " 0.124 0.141 0.265 
52 0.125 •    0.150 0.275 
,53 0.125 0.138 0.263 
54 0.121 0.138 0.259 
55 0.117 0.128 0.245 
_10o_ 
TABLE 37 
UNCERTAINTY.IN m 
(d =264 urn, glass) 
1      ^N 
* - ,,-. '. . -.   * 
Am =  A0~ — 
N    d^ 
X 1       *N    • 
N      dm 
Run Number " 1     3N N   a^" 
1       dN 
N -    am 
1 2.110 0.105 
2 2.006 0.087 
I 1*9^2 0.073 1.955 0.062 
5 •1.903 0.055 
6 2.181 0.095- 
7 2.194 .0.078 
8 2.045 
2.174 
0.070 
9 0.058 
10 2.077 0.052 
11 2.116 0.075 
12 2.110 0.057 
11 2.071 0.056 1.968 0.055 0.049 15 1.903 
16 2.219 0.063 
17 2.181 0.056 
18 2.123 0.077 
19 -     2.252 0.060 
20 2.174 0.049 
21 2.135 0.046 
22 •2.142 0.042 
23 2.039 0.042 
24 2.013 0.042 
25 2.135 0.061 
26 2.174 0.055 ■   27 • 2.097 0.052 
28 2.039 ' .0.050 
29 2.419 0.064 
30 2.271 0.053 
A0f = ±6.155 
Am 
I 
3.115 
3.57^ 
4.123 
4.8'88 
5.363 
.558 
.360 
4.528 
5.810 
6.I9I 
4.373 
5.738 
5.7-32 
5.546 
6.020 
5.459 
6.O37 
4.274 
5.818. 
6.877 
7.194 
7.905 
7.525 
7.429 
5.^25 
6.127 
6.251 
6.321 
5.859 
6.642 
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TABLE 37 (CONTINUED) 
1       3N 1       BN 
Run Number 
2.239 
N      Bm Am - 
31 0.047 7.784 
32 2.406 • O.O69 5.405 
$   : 
2.310 0.060 •5.968 
2.194 O.#60 5.668 
35 2.19V 0.050 
'0.047 
6.801 
36 2.381 7.852 
37 ^2.587 0.043 9.325 
..   3& 2.406    ■ 0-.Q48 7.769 
8-.40Q 
8.684 
39 2.38? 0.044 
40 2.297 0.041 
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TABLE 38- 
UNCERTAINTY IN m 
((L = 4-304 am, "puffed millet) 
Am = A0, 
1 r 3N 
N 90 f 
1 
N am 
A0~ = ±0.037 
1  3N 1  3N' 
Run Number N  30f N  am Am 
41 "3.324 ' 0.064 1.922 
42 3.405 0.060 2.100 
43 3.432 . 
. 0.055 2.309 
. 44 3.324 0.054 2.278 
45 3.135 0.056 2.071 
46 3.378 0. 0>52 2.404 
47 3.297 0.052- 2.346 
48 3.297. 0.054 
.0.046 
• 2.259 
• 49 3.459. 2.782 
50 ' 3.459 0.046 2.782 
51  . 3.351 0.044 . 2.818 
52 3.378 0.047 
0.044 
2?. 659 
2.841 53 • 3.378 
54 4.622 0.044 3.887 
' 55 3.162 0.040 2.898 
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TABLE  39 
SUMMARY OF THE BUBBLE  RISE  VELOCITY COEFFICIENTS,   K 
IN THE EQUATION Ubr= K*gE£ 
Author K 
Glidksman et.al. [15] '' 
, ._ . 
CranfieId&Geldart • .  [7] 
McGrath&Streatfield [28] • 
Xavier et.al. ■ j>32 
Y/erther [^2] >■         0.71 
Kato&V/en [21] - 
Davidson' et.al. L9l 
Kunii&Levenspiel [22] 
Levy et.al. [24] . 
Glicksman&McAndrews [1-6] 0.60 
Turner [40] 0.64 
Hatano&Ishida [20] O.90 
Rowe&Partridge [34] 0.80-1.20 
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e TABLE    *U 
SUMMARY OF THE EXPERIMENTAL WORK TO DETERMINE IT 1 ■ 
Reference                     Bed Cross-Section(cm) 
7.6 x 15.2 
Method of 
Measurement 
Y-rays 
Particle 
Type 
Cracking cat 
dp 
(pm) 
41. 
Umf- 
(cm/sec) 
0.7 
(Uo-Umf) 
(cm/sec) 
5-21 
Lmf 
(cm) 
20 
Range of 
' m 
1 121,141 
Glass beads 74 0.7 1-21 20- 25,57   . 
*    , Glass beads 116 1.1 5-20 20 34,41 
Glass beads 1V9 1.6 1-23 20 10,23 
Glass beads 234 5.2 4-25 20     . 8-14 
18 1.9 x 45.7 Photography Magnesite 274 8.1 5-24 15-60 5.3 
19(from Kelsey) '■1.3 x 68.5   . Photography Sand 128 1.5 0.5-18 20-80 23,48 
28 15.2 x. 30.5 Observation 
from above 
Sodium 
Aluminate 
1620 -   55 0-40 2.6-13.: 3 2.7-6.8 
14 2 x 61 Photography Alumina 
Catalyst 
1520 58   • 60' 5-20 4.5-6.0 
19(from Motamedi  & 1.3 x 74 Photography Glass beads 490 23.0 4.6-1B.4 20-80 1.3-4.2 
Jameson). Glass beads 280 7.6 3.0-12.9 20-80 '-2.2-2.2 
Glass beads 100 2
-
2 4.2-8.2 20.-80 -2.2-8.3 
Sand 270 10.2 6.1-11.2 20-80 3.2-9.1 
19(from Nakamura) 61 dia Electro- 
sestivity 
probes 
Sand 
Coke 
500 
220 
20.9   ' 
2.1 
. 8.4-16.7 
2-13 
20-80 
11-102 
2.8-6.2 
-9-75 
19(from Chavarie) 1  x 56 Photography Glass, beads 213 5.3 1 3-2-3 20-103 1-13.6 
v  16 120x120 to 
760x120 
Optic light 
probes 
Sand 1040 59,5 17.9-47.6 46-76 3.6-11.7 
TABLE ^0 
Rowe and Yacono [37] 
Kato and Wen [21] 
Mori and Wen [29] 
Yasui et.al. [29] 
w 3BLE  DIAMETER CORRE U 
Di: 
D    = 
e ■1-SS(ife,L + D.o 
D    ■ 
em 
D    ■ 
em- 
-f-= exp(-0.3L/Dt) 
eo 
De ■■ 
U            0.63 
= 1-6pndn(iA- 1)   - L 
"mf 
l >; un    °-77 Park et.al. [29]' DQ = 33.3 dn'*:)(TT£-- 1)   L 
e
       
p
 • 
u
mf 
Un 0.33      0.S4 
Whitehead'et.al. [29] . D = 9.76(77^-)   (0.032 L). 
Xf 
1.11. 0.81 
Cranfield and Geldart  [7] De*= 0.0326(UQ-U ^ I 
-■■« % „%   V5 
Darton, et.al.   [8] De =. °-54(Uo"Umf)       (L+4/^    ^ 
V3 1.21 
Werther [8] Dg = 0.0010872[l+27.2(Uo-Umf)]     (1+6.84L) 
0.75 . 0.41 
. Yacono [8] D.  = 0.18188 L        (U -U  ,)' u l o    mt ■ 
i  ,,  •   (U -U-OuD,.2    0.4 0.94. 
Geldart [8] D.  *-±jft [      ° 4'N"r *_ ]        + 0.02702(UQ-Umf)        L 
. g  ' o 
TABLE kO   (CONTINUED) 
Rowe and Everett [35] D.  = -A + BL + C[rjS-)  +.DL(T^-) 
mf mf 
Kunii  and Levenspiel  [22]- D    = ——  (U -U J e      ,;,.      \  v o   mf (n/ABED) 
Chiba, et.al.   [6], 
■     ■ •      0.614 0.026 
De =  (0-^7(0.711 ^-) ■        (U0-Umf) (L-Lo-°-81^0) 
0.652 
•
+1>' °eo 
Geldart [13] D    =(^^1)1/3 
'        *      "/ABED 
Darton, et.al."[8] 
0.8    0.4   U      .      0.4 O.f 
D„ = 3.9 d„      Pn      [r^--  1],     (1+4//T) UP      "p      LU, mf 
Hirama et:al.   [20] 
0.6 0.6-   0.1    0.6 0.3 
D1  = l-HVUmf»      L      Dt      /K     g 
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APPENDIX A 
Error Analysis l 
a) Uncertainty in bubble count, N ' 
Since N = N(0f, m) for given dpf pp, Umf, UQ, L, and _ 
ABFD' ^e uncer"tain'ty in N is very sensitive to the uncer- 
tainty in 0~  and ra. Moreover the relative effect of the un- 
certainties in $f  and m is also very important. By error 
analysis, the uncertainty in N is: 
3N      3N 
4N =  40„*  4m (A-l) 
a0f   f am 
Since  this  isn't a statistical analysis,  an absolute  error is 
more meaningful than the  root-mean-square-error. 
Using the  definition of N: 
4
 
ABED   <VUmf > 
N = (A-2) 
7T0Zf D2(0.7HV^D7*Uo-Umf +mUmf) 
then 
m —  2 h  ABED {^-U^) 2N 
(A-3) 
?> 0f 0f   (0 .?llVgET ♦ U0-Umf ♦ mUmf 0f 
■lo6- 
and 
3N
 '  
k
 
ABED Umf <VUmf> 
■A 
^m TTtff DJ(O.711>^ ♦ u0-2Umf * mUmf)2 
or 
%   -•*-».- 
<>N. NUmf (A-4) 
dm 0.?11 VgD" ♦ U -Umf. ♦ rriU o  u f      umf 
or dividing "by N, 
1      3N       -2 
(A-5) 
■N   a^L    0, 
and 
1       3N -U 
mf (A-6) 
N      9fy 0.71iy^" *U -U f ♦mU] mf 
Note that since 0.71iygD~ ♦ U -U f :U, ,  Equation becomes; e       o    mf "   b 
1        dN _u 
mf  (A-?) 
N        am      ub ♦(m-l)Umf 
_107_ 
where m and 0f are. used from Tables 30and 31.  The uncertain- 
ties in m and 0f are also estimated from Tables    30 and 31. 
The maximum,  minimum and average values  of m and ff~ from 
Tables    30" and 31 are as follows: 
Small Particles 
«W = 8-791 
mmin      =   1.808 
mavg =4.704 
tff.max  = ^°^ 
t f.min  = O.773 
'$.. - O.928 
^f.avg 7 
Larse Particles 
""max 19.460(A-8) 
m
min 13.333 
mavg '  = 16.289 
^f.max  = 0.637 
0f,min  = 0.577 
^f.avg  = 0.600 
The uncertainties  in m and 0~ are estimated from the rela- 
tions: 
4m = Ma* (   I Mmin-Mavg |,   | Mmax_Mavg  | ) (A-9) 
^Ma*(  Itff.min-^f.avgl'   I ^f .max^f ,avg l> 
So that; 
4m   = ±4.087 
A0f =10.155 
The quantities, 
3N 
Am -=±3.171        (A-10) 
A0f = ±0.037 
5N 
j——    jand   {     )give us the relative 
( N   60 £ ' N   dm' 
importance of the terms 0r  and m in the uncertainty of N; 
.-198- 
and they can "be calculated from Equation's A-5 and A-7. The 
uncertainty in N can be calculated -from Equations A-l and 
A-10. Substituting Equation pJ-5 and A-7 into Equation A-l» 
-2N - Umf N 
4N=(   A#r) + ( 4m)   (A-ll) ftt Ub.(m-l)Umf 
or ' 
-2 A0f U f Am 
AN = (  )+( -)       (A"12) 
h Ub^^^mf 
Now, for d = 264yum, glass beads with U ~ = 5.68 cm/sec 
Equation A-12 becomes: 
AN          0.310             * 23.218 
    -   ♦ ♦ _^_ (A-13) 
N 0f Ub ♦ (m-l)(5.681) 
where u\ is cm/sec, and $~  and m are obtained from Table 30« 
Also, for d s bjok [im,  puffed millet with u b =17.6 cm/sec, 
Equation A-12 becomes: 
AN     0.07^      55.810 
   = ♦  ♦       (A-14) 
N        0f  " Ub >(m-l)(17.60) 
where U, is in cm/sec, and 0« and m are obtained from Table 
30 . 
b) Uncertainty in the through-flow coefficient, m 
-199- 
Assuming that there is no uncertainty in N, we'll find 
out the corresponding error in m which provides this. Let; 
4N = 0> 
So that Equation A-l becomes: 
3N 
d0. 
Aft, J5N. 
dm 
Am. 
or dividing both sides by N, we get; 
(A-15) 
1      9N 
N      aft* £0< 
1    _SN 
N      dm 
4m) (A-16) 
Finally solving for   4m, 
The terms 
.1 
~F 
4m r     -   A0i 
8N     I        (1 land
 hr w; 
_1_ 
N 
1 
~N~ 
aN 
6m 
aN) 
(A-17) 
are  obtained from Tables 
35 and  36,  and    A0*. is used from Equation A-10.  Thus,  Tables 
37 and38 are  constructed for both kind of particles. 
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APPENDIX B 
The derivation of bubble frequency, n/AgEDt for fast 
bubbles;~a different approach 
The. bubble frequency, nABED, can be obtained by a • 
different approach- assuming that the bubbles are single 
isolated spheres relative to which there is no gas flow; 
in that case, the volumetric flow rate of gas in the bubb- 
/ 
le phase isiy . 
*'"   *4d- * A/- "    fn  T \ 
-gas bubble = nTbubble {B'1} 
since n bubbles per second carry vwKnie volu1116 of  Sas 
each. This quantity is also equal to the velocity of the 
bubbles (average) times the area they occupy at the- free 
surface; assuming that this average velocity is U, : 
"Tgas bubble = Ub Abubble (B"2^ 
Since Equations B-l and B-2 are equal: 
n
 "^bubble = Ub Abubble (B"3^ 
Dividing by ABED,we obtain: 
n ■¥. 
ABED bubble . Abubble . g (B-/I) 
Ub        ABED 
which is actually the same equation with Equation 31. 
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APPENDIX C 
Calculation of Umf ,jZL and €mf for d = ^30^- jim, partic- 
les (Puffed millet) ' 
1- The particles are oblate spheroid in shape. 
The surface area of an oblate spheroid is: 
and a > b 
where 
e
~  a 
and the volume is: 
= \    <7fab2 
The sphericity is defined by • • 
j6  = 
s 
■KX/\(.%) 2/3 
SP 
The  semi-axis  lengths were measured and the averages 
over 100 particles are: 
a = 0.0932 cm. 
and    b = 0.06>8 cm. 
so that       e = O.7190 
The  sphericity for ^30^ jura, particles v/as  calculated 
to be; 
0s z 0.7656 
2- The minimum fluidization bed voidage, € ~ , can be 
calculated from the eauation: 
< 
AiWmf = ( *p" Pg)  SLmf.(1-€mf) 
!02- 
For d = i+30/4-um, /> = 0.00120^- g/cm3, p   =0.1308 g/ciP parti- 
cles and for Lmf = 76.^+5 cm, ( APBED)m;f. = 6.5  cm.H20 from 
Figure 11, with 20 percent experimental uncertainty in 
pressure drop. Solving for £-*•; 
\   €^ = 0.3^ 
3- U - can be calculated from the equation: 
1.75 c d^gV 32    150(1- €mf) ^.^ umf^      dfooy^g 
^mf **' -*\    £m? Ag /*§■ 
The V/en&Yu approximations for the terms     V1;;' ■, and 
s ^mf 
1 
 TT-  do not hold in this case, since the^e are 
^mf / , 
changes in d   - and $ . Instead;  j 
1
~
€
mf  ~ ■„  ,U  „_. • 1 
small 
2 ~- = 27.^9 and /  .^  = 32.0.9 
^s *mf '  /     rs *mf 
S PgUmf ' /      / 
solving for ■  : / *     / 
^^£    C(36.72)2,/O.0178)dpA(Al^)g]1/2. 36.72 
'V   0 X ■;ith fluidizing air at  20 C a.nd 1 atm.  pressure: 
Umf = 18,5°  cm/sec for d   = 430^ urn particles. 
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